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ABSTRACT 
ENHANCING CELLULASE PRODUCTION OF AUREOBASIDIUM PULLULANS 
FOR USE IN CONVERTING DRIED DISTILLERS’ GRAINS WITH SOLUBLES 
INTO A HIGHER PROTEIN FEED 
EMILY L. BALDWIN 
2017 
Main limitations of dried distillers’ grains with solubles (DDGS) as meal for 
monogastric animals is the presence of high fiber content, reduced fat content, and poor 
amino acid balance. This causes a reduced economic value of DDGS for these species 
due to its low inclusion rates. The goal of this theses was to create new strains of a 
fungus, Aureobasidium pullulans, with enhanced cellulase production and use it to 
optimize an enzymatic saccharification, pretreatment, and fungal conversion process to 
enhance the nutritional value of DDGS. Various combinations of enzymatic 
saccharification, physical/chemical pretreatments, and mutant strains of fungi were 
investigated to hydrolyze DDGS fiber into carbohydrates which are metabolized by the 
fungi into single cell protein.  
Cellulose is the most abundant renewable carbon source found in nature and is of 
great interest to various industries, including the food industry. Generally, 
microorganisms can be used to convert cellulosic materials into higher protein content, 
which can subsequently be used for animal feed. However, without the aid of cellulase, 
the cellulose structure is resistant to degradation. Genome shuffling was used to improve 
cellulase production from Aureobasidium pullulans Y-2311-1. One strain developed via 
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genome shuffling (A. pullulans GS23) displayed the largest increase in total cellulase 
activity, which was a 6-fold increase compared to the wild type strain. One of the strains 
created for the starting mutant population by methyl methanesulfonate (MMS) had a 3-
fold increase compared to the wild type strain.  A. pullulans GS23 also had an increase in 
exoglucanase and β-glucosidase activity compared to the wild type strain (6.95-fold and 
1.52-fold increase, respectively). The crude protein amount of A. pullulans GS23 had a 
1.04-fold increase compared to the wild type strain after 5 days of fermentation.  
 Various commercial enzymes were also tested on DDGS to help break down the 
fibers along with various physical/chemical pretreatments to improve the overall fiber 
digestibility. But the high cost associated with the use of commercial enzymes is a 
challenge with the industrial application of enzymes in feed application. This experiment 
was a two-step process where commercial enzymes were tested on untreated DDGS to 
down select the enzyme that performed well at low dosages. Then the DDGS was treated 
by various physical and/or chemical pretreatments and tested with the best enzyme with 
even lower dosages. Lower enzyme dosages on pretreated DDGS was tested versus the 
untreated DDGS because the pretreatment would have liberated more sugars, resulting in 
less enzymes to be used. It was found the commercial enzyme that performed well at low 
enzyme dosages was Viscozyme L. When this was incorporated with the best pretreated 
DDGS, dilute acid, with 1 mg/g of Viscozyme L, it had an increase of ~280% in total 
sugars as compared to untreated DDGS with a Viscozyme L dosage of 2 mg/g. 
 A combination of enzymatic saccharification and/or dilute acid pretreatment of 
DDGS was conducted with the three fungal strains to evaluate what strain and treatment 
performed the best. The fungal strains tested was wild type A. pullulans Y-2311-1 and 
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two mutant strains (GS and MMS) with enhanced cellulase production created from the 
wild type strain. GS A. pullulans on the enzyme untreated DDGS had the highest protein 
level with a percent increase of 13.59%. While MMS A. pullulans on enzyme untreated 
DDGS performed well in increasing the fat content, with a percent increase of 27.07%, 
and decrease the fiber, with a percent decrease of 13.89%. Overall, GS A. pullulans on 
the enzyme untreated DDGS performed the best in improving the raw DDGS feedstock. 
The GS strain still improved the fat content and decreased the fiber content. Most of the 
minerals had higher levels than the MMS strain and all the amino acids analyzed were 
also higher than the MMS strain, except for tryptophan which was the same. Lysine 
levels were also higher in the GS strain than the MMS strain with 0.66% and 0.43% 
respectively. The dilute acid pretreatment released high levels of sugars and decrease the 
fiber content but with the creation of inhibitors, fungal fermentation could not be used to 
further improve the DDGS protein levels. 
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Chapter I – Literature Review 
1.1 Distillers’ Grains  
1.1.1 Production  
 Distillers’ grains are the cereal byproduct of the ethanol fermentation process. 
Traditionally the sources of distillers’ grains were from beverage grade brewing (beer) 
and distillation (spirits) processes, but since the 1980s, fuel ethanol plants have become 
the main source of distillers’ grains (Paulson et al. 2017). In the United States, fuel 
ethanol is primarily produced from corn, as it is the most available and lowest cost 
feedstock (U.S. Grains Council 2012).  During the production process, corn starch is 
hydrolyzed into simple sugars which are then converted to ethanol and carbon dioxide by 
yeast fermentation. Because of starch removal, which accounts for ~70% of the mass of 
corn, the remaining components are concentrated approximately threefold in the 
distillers’ grain (Spiehs et al. 2002; CRA 2006). 
 Corn is converted into ethanol by two commercial processes: dry milling and wet 
milling. The dry milling process accounts for ~90% of ethanol produced in the US 
because of its lower capital and operating costs, including energy inputs (RFA 2017). As 
the name implies, the first step of the dry milling process is grinding the dry corn, which 
is subsequently blended with water in the process. The dry milling process traditionally 
only produced ethanol and distillers’ grains, however in recent years the process has been 
modified to also recover feed grade oil (U.S. Grains Council 2012). The main steps in the 
dry mill process include grinding, slurrying, cooking, liquefaction, saccharification, 
fermentation, distillation to recover ethanol, and centrifugation/evaporation/drying to 
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recover distillers’ grains. The first step in the wet milling process is soaking or steeping 
the corn kernel in a slightly acidic solution to soften the kernel, which is then coarsely 
milled and screened to remove the germ (U.S. Grains Council 2012). Subsequent steps 
include grinding the wet endosperm, separating protein and starch fractions by 
centrifugation and washing steps, converting the starch into sugars, and then producing 
ethanol via fermentation. The wet milling process has much higher capital and operating 
costs, but produces a range of food and feed products, in addition to ethanol (AMG 2013; 
U.S. Grains Council 2012). To achieve economies of scale, wet milling operations are 
typically much larger than dry mill facilities.   
 In both dry and wet milling facilities, grinding, cooking, and enzymatic hydrolysis 
are used to hydrolyze the corn starch into glucose so the yeast can produce ethanol during 
fermentation.  Dry mill grinding is usually done with a hammer mill, and the resulting 
particle size is dependent on the hammer tip speed, number of hammers, rotor volume, 
and the screen opening size (Fang et al. 1997). Particle size is important because it affects 
both ethanol yield (Kelsall and Lyons 1999) and distillers’ grain recovery. Finely ground 
corn maximizes ethanol yield, but makes solids recovery more challenging (U.S. Grains 
Council 2012). The ground corn is then mixed with water and recycled thin stillage to 
allow soluble proteins, non-starch bound lipids, and sugars to leach out (Chen et al. 
1999). The cooking process (80-95⁰C) sterilizes the mash and causes the starch to absorb 
water (gelatinize). This causes the slurry viscosity to increase (Hermansson et al. 1995; 
Liu and Rosentrater 2012). Therefore α-amylase enzyme is typically added before and 
after cooking to hydrolyze the long starch chains into smaller chains (dextrins and 
maltose). This liquefaction process is typically conducted at 85-95⁰C and serves to also 
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reduce slurry viscosity (Kelsall and Lyons 1999; Liu and Rosentrater 2012). The 
temperature is then reduced to 55-60⁰C and gluco-amylase enzyme is added to hydrolyze 
dextrins into glucose monomers (Liu and Rosentrater 2012).  
 In the fermentation process, yeast converts the sugars into ethanol and carbon 
dioxide. Usually for 1 kg of corn processed, it will approximately divide into 1/3 of 
ethanol, carbon dioxide, and distillers’ grains being produced (Liu and Rosentrater 2012). 
Saccharomyces cerevisiae is the most commonly used yeast (Pretorius 2000) because it 
can theoretically convert 1 g of glucose into 0.51 g of ethanol and 0.49 g of carbon 
dioxide (Liu and Rosentrater 2012). Typically, the yeast converts 95% of the sugar into 
ethanol and carbon dioxide, 1% into yeast cell biomass, and 4% into other products like 
glycerol (Boulton et al. 1999). When fermentation is completed, the ethanol is recovered 
by passing the fermented “beer” through distillation columns. The ethanol still contains 
~5% (v/v) water, which is removed by passing the hydrous ethanol through a molecular 
sieve system, resulting in anhydrous ethanol (Mosier and Illeleji 2006). After distillation, 
the remaining water and solids (fiber, protein, fat, non-fermented carbohydrates, and 
yeast biomass) are called whole stillage. The whole stillage is centrifuged to separate the 
coarse solids from the liquid, which is called thin stillage. Thin stillage is evaporated to 
remove water, resulting in condensed distillers’ solubles (CDS), a syrup that has about 
30% dry matter (U.S. Grains Council 2012). Several types of distillers’ grains can be 
produced depending on whether CDS are blended back into the coarse solids, and the 
level to which the product is dried. The production of several types of distillers’ grains 
are discussed in further detail below and are shown in Figure 1.1.  
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1.1.1.1 Producing Distillers’ Grains 
Following centrifugation of whole stillage, the solid fraction is called wet 
distillers’ grains (WDG), or wet cake, and has approximately 30% dry matter (DM). This 
solid fraction can then be dried to 90% DM, which is called dried distillers’ grains (DDG) 
(Spiehs et al. 2002). DDG has a long shelf life so it can be transported over long 
distances. WDG, on the other hand, has a short shelf life (3-4 days) before fungi and 
bacterial growth occurs. WDG is primarily sold locally, but does save on drying costs 
(U.S. Grains Council 2012). The process for creating WDG and DDG are shown in 
Figure 1.1.  
1.1.1.2 Producing Distillers’ Grains with Solubles 
Typically in ethanol plants, the CDS are recombined with the WDG to create wet 
distillers’ grains with solubles (WDGS). WDGS has ~30% DM, and has the same 
storability issues as WDG. WDGS can be dried to a 90% DM level which is called dried 
distillers’ grains with solubles (DDGS). DDGS has a long shelf life and good flowability 
that can be sold to local livestock producers or shipped worldwide (Rosentrater 2011). 
Similar to DDG, DDGS is more widely used than the comparable wet product, due to the 
greater storage stability of the former. However, DDG and DDGS are more expensive 
than the comparable wet products due to the expense of drying (Zanton and Heinrichs 
2017). The process for creating WDGS and DDGS are shown in Figure 1.1. 
1.1.1.3 Producing De-oiled Distillers’ Grains with Solubles  
Many dry mill ethanol plants have added technology to remove part of the oil 
from the thin stillage or CDS. The extracted oil is known as distillers’ oil, which is used 
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either in animal feeds or for biodiesel production. The oil cannot be used for food 
applications because it is typically too degraded, and is not produced using a food grade 
process (Rosentrater 2015). The first step involves fractionation, which can either be 
front-end fractionation or back-end oil extraction. Front-end fractionation involves 
separating the endosperm, germ, and bran fractions of corn prior to saccharification and 
fermentation. In many ways this process is similar to wet milling, and the 
capital/operating expenses typically are not justified by the value of the recovered oil 
(Liu and Rosentrater 2012). Therefore, front-end fractionation technologies are not 
currently being used in ethanol plants (U.S. Grains Council 2012), and will not be 
discussed further. In contrast, back-end oil extraction is very profitable and has been 
integrated into more than 85% of U.S. dry mill ethanol plants (Rosentrater 2015). To put 
this in perspective, in 2010, no ethanol plants were extracting oil, so the rapid increase 
has been prominent in the ethanol industry (Rosentrater 2015). Back-end oil extraction 
also creates more stable oil than front-end fractionation because there is a greater amount 
of antioxidants in the oil (Winkler-Moser and Breyer 2011).  
The majority of ethanol plants use the “Step 1” extraction process which involve 
extracting oil from the thin stillage by using a heating and centrifugation process (U.S. 
Grains Council 2012).  About 30% of corn oil can be recovered using the “Step 1” 
process (CEPA 2011). The “Step 2” process involves washing the wet cake to extract the 
more than 40% of total corn oil trapped within the wet cake (U.S. Grains Council 2012). 
The oil that is extracted is then added to oil recovered in the “Step 1” process. This “Step 
2” process has not been implemented in most U.S. ethanol plants because of its higher 
cost, but if both were used, 60-70% of corn oil found in distillers’ co-products could be 
6 
 
extracted (U.S. Grains Council 2012). This would extract 23-27 liters of corn oil for 
every 380 liters of ethanol produced. But by just using the “Step 1” process, ethanol 
plants that have an annual production of 190 million liters of ethanol can extract 5.7 
million liters of corn oil per year (U.S. Grains Council 2012). Oil extraction does 
decrease the production of DDGS by ~0.06 kg per liter of ethanol, resulting in a 9.4% 
drop in DDGS yield. The nutritional profile of DDGS is also affected when corn oil is 
removed and will be discussed later. The process for creating de-oiled DDGS (DDGS-
DO) by the “Step 1” process is shown in Figure 1.1.  
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Figure 1.1: Ethanol and coproducts production from dry mill corn process (adapted from 
Rosentrater 2007, 2015)  
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1.1.2 Composition  
The nutrient profile of conventional DDGS is different from de-oiled DDGS 
(DDGS-DO) in almost all aspects (Table 1.1). With the removal of oil, the concentration 
of ether extract (EE, aka crude fat) drops, along with both gross energy (GE) and 
digestive energy (DE). The GE metric is dependent on the chemical composition of the 
feed but does not predict the energetic transformation efficiency (Evonik 2015). Usually, 
a lower concentration of EE will result in a lower GE. The DE metric is the measurement 
of the amount of energy the animal could obtain from the feed (Evonik 2015). With 
removal of oil in DDGS-DO, the concentrations of protein and fiber (ADF and NDF) 
increase, and this can be advantageous for some animals (U.S. Grains Council 2012).   
Table 1.1: Nutrient comparison of dried distillers’ grains with solubles (DDGS) and de-
oiled dried distillers’ grains with solubles (DDGS-DO).  
Component (dry basis)  DDGS1 DDGS-DO2 
Crude Protein (%) 28 - 31 31 - 35 
ADF (%) 12 - 16 15 - 18 
NDF (%) 31 - 40 31 - 50 
Fat (%) > 10 < 5 
EE (%) 11 - 13 4 - 5 
GE (kcal/kg)  5,112 - 5,629 4,090 - 5,712 
DE (kcal/kg) 3,667 – 4,062 3,100 – 3,868 
ADF – acid detergent fiber 
NDF – neutral detergent fiber 
EE – ether extract 
GE – gross energy 
DE – digestive energy 
1Spiehs et al. (2002); Pedersen et al. (2007); Stein and Shurson (2009); Anderson et al. (2012); Curry et al. 
(2014); NRC (2012); Kerr et al. (2013)    
2Jacela et al. (2011); Anderson et al. (2012); NRC (2012); Stein (2007); Kerr et al. (2013)   
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1.1.3 U.S. and Global Production and Utilization of Distillers’ Grains 
The U.S. is the main producer of fuel ethanol in the world and accounted for 58% 
of global production in 2016, as shown in Figure 1.2 (RFA 2017). In the U.S. the vast 
majority of ethanol is produced from corn, meaning that the U.S. is also the largest 
producer of distillers’ grains (RFA 2017). The second largest ethanol producing country 
in 2016 was Brazil, making up 27% of global production. However, most of this ethanol 
was produced from sugar cane, which does not result in production of distillers’ grains 
(SugarCane.org 2017). Since 1999, ethanol and subsequently DDGS production has 
increased dramatically. U.S. distillers’ grains production over the last 18 years can be 
seen in Figure 1.3 (RFA 2017). Distillers’ grain production increased significantly after 
2007, rising from 14.6 million metric tons in 2007 to 42.0 million metric tons in 2016 
(RFA 2017). Figure 1.4 shows the breakdown in the categories of distillers’ grains 
produced in 2016, with 25.4 million metric tons of DDGS and 16.6 million metric tons of 
WDG. The term MWDG shown in Figure 1.4 stands for modified wet distillers grains, 
which is WDG dried to ~50% moisture (RFA 2017).  
 
Figure 1.2: World production of ethanol in 2016 (RFA 2017) 
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Figure 1.3: Historic production of distillers’ grains in the United States (RFA 2017)  
 
 
Figure 1.4: Types of distillers’ grains produced from March 2016 – March 2017 (RFA 
2017) 
 
In 2015, approximately two thirds of the DDGS produced in the U.S. was used 
domestically, with the remainder exported. Between 2000 and 2015, U.S. DDGS exports 
increased by ~13 million tons, which represents a ~1,400% increase. In 2015, the U.S. 
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was the largest exporter of DDGS in the world, accounting for 82.8% of the market, with 
Canada being the second largest exporter at 3.2% (UN Comtrade Database 2015). In 
2016, the U.S. delivered DDGS to 51 countries, as compared to 22 countries in 2000 (UN 
Comtrade Database 2015; RFA 2017). The top export markets for U.S. distillers’ grains 
in 2016 are shown in Figure 1.5.  
 
Figure 1.5: United States top destination of distillers’ grains exports in 2016 (RFA 2017) 
 
China is the largest importer of DDGS, with Mexico right behind (RFA 2017). 
The DDGS import market in China took off after 2008 and has grown from 1,560 tons in 
2000 to 7.52 million tons in 2015 (UN Comtrade Database 2015). This has been driven 
by consumer demand for animal protein, which has caused China to import more animal 
feed grains, including DDGS (Fabiosa et al. 2009). The top species fed distiller grains 
(Figure 1.6) include the following in decreasing order: beef cattle, dairy cattle, swine, 
poultry, and others including aquaculture. China currently requires that DDGS is certified 
to not contain genetically modified material (non-GMO) and this has caused a problem 
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since most of the corn raised in the U.S. is genetically modified. Thus China imposes a 
combination of import retrains including licensing, quotas, minimum prices, and duties 
(USTR 2017; Gale et al. 2014). U.S. DDGS exporters have responded by diversifying 
into other markets such as Mexico (IFBF Research and Comondity Services 2016). 
 
Figure 1.6: Species consuming distillers’ grains (RFA 2017)  
 
1.1.4 Corn Distiller Utilization  
1.1.4.1 Ruminant Animals  
The nutrient composition of corn co-products generally has a greater value in 
ruminant diets than those of monogastric animals because the amino acid balance of corn 
protein is not as critical for ruminants. Moreover, ruminants are able to metabolize corn 
fiber, which can serve as a good source of energy when DDGS is used in properly 
formulated animal diets (U.S. Grains Council 2012). It was estimated from 2014 to 2015, 
that ~16 million metric tons of corn were substituted with DDGS in beef cattle diets, 
while ~4.6 million metric tons of corn were substituted with DDGS in dairy cattle feeds 
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(AGMRC 2015). DDGS was also substituted for soybean meal (SBM), with ~0.018 
million metric tons used in beef cattle diets and ~3.5 million metric tons used in dairy 
cattle (AGMRC 2015). 
For beef cattle, many studies have reported that feeding DDGS at 15-40% 
inclusion levels (dry matter basis) improved finishing beef cattle growth rate and feed 
conversion as compared to diets with corn grain. This improvement has been attributed to 
reduced sub-acute acidosis, along with other problems that can come when feeding high 
quantities of corn. In beef cattle finishing diets, corn starch is more likely to cause 
laminitis, acidosis, and fatty liver when fed at high levels. However, if DDGS is used to 
replace part or all of the corn, the low residual starch content and high levels of highly 
digestible fiber can reduce these problems (U.S. Grains Council 2012). Also, if lower 
quality forages are being fed to finishing beef cattle, including greater than 20% DDGS 
in the diet can be effective because of its high protein content (Klopfenstein et al. 2008). 
Including DDGS in feeding diets has been shown to not change the quality or yield of 
beef carcasses, while also having no effect on the eating and sensory characteristics of 
beef (Erickson et al. 2005).  
DDGS contains low calcium levels but high phosphorus and sulfur levels. Thus, 
adding DDGS to diets could reduce or eliminate the need for supplemental phosphorus, 
depending on the feeding level (U.S. Grains Council 2012). However, the low calcium 
level in DDGS require supplementation to maintain the calcium to phosphorus ratio 
between 1.2:1 and no more than 7:1. This avoids animal performance and urinary calculi 
reductions (Tjardes and Wright 2002). The sulfur level in DDGS also has to be monitored 
if more than 0.4% sulfur is consumed in the combination of feed and water, as cattle may 
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experience polioencephalomalacia. High sulfur levels can also interfere with copper 
absorption and metabolism, so the level of DDGS would have to be reduced in regions 
where high sulfur levels are found in water and forages (Tjardes and Wright 2002). 
DDGS also provides a good energy source in dairy cattle diets. The highly 
digestible fiber in DDGS serves as a partial replacement for forages and concentrates in 
dairy cattle, which is necessary to avoid milk fat depression. Lactating dairy cows can 
consume diets containing 20% or more DDGS (dry matter) if their diets are nutritionally 
balanced. When dairy cattle were fed diets that included different forms of distillers’ 
grains, milk production was not impacted, but the inclusion levels of the distillers’ grains 
did effect milk production. In diets that contained 4-30% of distillers’ grains, milk 
production was higher than when diets lacked distillers’ grains. However, if the inclusion 
rate was greater than 30%, milk production decreased (U.S. Grains Council 2012).  
One disadvantage of using DDGS in dairy cattle feed is that lysine is the first 
limited amino acid. However, milk production can be maintained if DDGS is 
supplemented with ruminally protected lysine and methionine, or if DDGS is blended 
with other high protein grains that have more lysine (U.S. Grains Council 2012). Similar 
to beef cattle, diets of dairy cattle must also be balanced for calcium and sulfur levels 
when DDGS is used (Tjardes and Wright 2002). 
1.1.4.2 Non-ruminant Animals 
Non-ruminant or monogastric animals have a harder time utilizing DDGS because 
of its high fiber content and poor amino acid balance. The increased fiber and reduced fat 
content of DDGS results in lower energy values for swine and poultry, meaning in a 
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reduced economic value of DDGS for these species. But even with these limitations, 
DDGS can be incorporated into feeds to achieve maximum performance and economic 
benefits (U.S. Grains Council 2012). It was estimated from 2014 to 2015 that ~1.9 
million metric tons of corn were substituted with DDGS in swine diets, while ~0.89 
million metric tons were used in poultry feeds. SBM was also replaced by ~0.24 million 
metric tons with DDGS in swine diets and ~0.32 million metric tons in poultry (AGMRC 
2015). 
Benefits of incorporating DDGS into swine diets include its high digestible 
phosphorus content for grower finisher diets and that it appears to help gut health (U.S. 
Grains Council 2012). Typically, DDGS inclusion levels are 20% or less for swine. At 
inclusion rates above 20%, supplemental crystalline amino acids are needed, otherwise 
pork fat firmness is reduced and manure volume is increased, with excess nitrogen and 
phosphorus excretion (U.S. Grains Council 2012). 
The maximum dietary inclusion levels of DDGS recommended for broilers, 
layers, turkeys, and ducks is 15%. Higher levels of DDGS can be used if the diet is 
properly formulated to adjust for energy and amino acids (Wang et al. 2007a; Wang et al. 
2007c; Wang et al. 2007b; Wang et al. 2008b; Wang et al. 2008a; Wang et al. 2008c; 
Noll 2004; Waldroup et al. 1981). Including DDGS levels up to 20% in layer diets did 
not influence the feed intake, feed efficiency, lay rate, mean egg weight, and total egg 
mass. The only changes found were in yolk color and that linoleic acid levels were 
significantly increased (Cheon et al. 2008). 
Since DDGS has high levels of sulfur, poultry manure can emit higher levels of 
hydrogen sulfide. High emissions of hydrogen sulfide and NH3 can negatively impact egg 
16 
 
production (Pineda et al. 2008). The amount of DDGS included in poultry diets has also 
been correlated with nitrogen excretion (Roberts et al. 2007). Higher nitrogen levels in 
manure could negatively impact the environment by reducing air quality and increasing 
ground water contamination (Pineda et al. 2008). However, since poultry cannot properly 
digest fiber, incorporating DDGS in poultry feed could offer environmental benefits. The 
undigested fiber is fermented by microbes in the large intestines of poultry and produces 
short chain fatty acids that lowers the pH of the manure. A lower manure pH could result 
in reduced production of volatile ammonium forms of nitrogen that would otherwise 
adversely impact air quality (Babcock et al. 2008; Bregendahl et al. 2008).  
1.1.4.3 Aquaculture   
Fish require high quantities of protein in their diets, and the protein conversion 
efficiency of fish is much higher compared to land-based animals. DDGS has great 
potential to be used as an alternative to fish meal as protein source in fish diets 
(Chevanan et al. 2009). Studies have shown that 30% is the maximum inclusion level of 
DDGS that can be used for channel catfish (Tidwell et al. 1990; Webster et al. 1993; 
Robinson and Li 2008; Zhou et al. 2010),  while 22.5% can be used in rainbow trout 
(Cheng and Hardy 2004), and 20% in tilapia (Lim et al. 2007). DDGS has many vitamins 
and minerals, and is threefold higher in pantothenic acid, folic acid, niacin, riboflavin, 
and choline as compared to corn (Hertrampf and Piedad-Pascual 2000). However, since 
DDGS is highly fibrous, there is large amount of indigestible, non-nutritive bulk. Also, 
DDGS can bind with water-soluble nutrients and this could reduce nutrient digestibility. 
DDGS also has low amounts of primary minerals like calcium, chlorine, and potassium 
that have to be supplemented in fish diets (National Research Council 1983; Hertrampf 
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and Piedad-Pascual 2000). Since there is a deficiency in the amount and quantity of 
amino acids in DDGS, these need to be supplemented to meet fish requirements.  
1.1.4.4 Other Uses 
DDGS has the potential to be used in sheep, dog, cat, and horse diets; used as a 
food ingredient; and used in industrial materials. Sheep have historically been raised for 
wool, meat, and leather, but due to the declining wool revenues, sheep numbers have 
steadily declined since the late 1800s. The sheep industry accounts for less than 1% of the 
U.S. livestock industry, but sheep operations are important to the economies of several 
states located in the southern plains, mountain, and pacific regions (Economic Research 
Service 2016). Since sheep are ruminants, they can digest high fiber feeds like DDGS.  
In America, many people have pets, particularly dogs and cats. Using DDGS in 
pet foods could be a potential market, since pet food sales were $28.23 billion in 2016 
(APPA 2017). According to a 2017 survey (American Pet Products Association 2017-
2018), there were ~89.7 million dogs in ~60.2 million households in the U.S, ~94.2 
million cats in ~47.1 million households, and ~7.6 million horses in about ~2.6 million 
households. This is a large potential market for DDGS. 
Using DDGS as a food ingredient could help increase health in people because of 
its high level of dietary fibers. Over the years, including high dietary fibers into diets has 
been shown to help lower blood pressure, reduce the risk of heart disease, lower serum 
cholesterol levels, reduce the risk of various cancers, and assist in weight control (Burkitt 
1977; Anderson et al. 1987; Anderson et al. 1994; Mehta 2005; Anderson et al. 2009; 
Chawla and Patil 2010). A diet high in fiber and low in starch/ sugar could also benefit 
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diabetic patients and obese individuals (Brand-Miller 2004; Gross et al. 2004; Hofman et 
al. 2004; Layman and Baum 2004; Li et al. 2003; Rendell et al. 2005). Since DDGS is 
high in protein and fiber, and low in starch, it could have potential be used as a food 
ingredient for human consumption, but more research is needed.  
DDGS is not just limited to being used as a food additive, but as an additive for 
bioplastics and thermoplastics. Combining DDGS with bio-based resins will maximize 
the ‘green’ content and has potential to be a biodegradable item. DDGS can also be 
combined with conventional, petroleum-based resins to help create thermoplastics.  
DDGS could replace a portion of petrochemical plastic resins, which is conventionally 
made from crude oil or natural gas. By replacing a portion of the petrochemical, it could 
conserve nonrenewable petroleum resources while adding a ‘green’ component to the 
plastic product or material (Liu and Rosentrater 2012).   
1.2 Industrial Processing of Lignocellulose  
1.2.1 Background  
The major structural component of all plants is lignocellulose. It is made of 
cellulose, hemicellulose, and lignin. Lignin is a high molecular weight polymer that acts 
as a physical barrier to protect cellulose and hemicellulose, which serve as the key 
structural components of lignocellulose. Lignin prevents the penetration of hydrolytic 
enzymes into the interior of the lignocellulosic structure, thereby preventing 
biodegradation of cellulose and hemicellulose into simple sugars. Lignin has the most 
resistance to degradation of the three components (Huang et al. 2010; Himmel et al. 
2007; Sánchez 2009).  
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The fiber types found in lignocellulose are called ‘non-starch polysaccharides’ 
(NSP). Up to 90% of plant cell walls are composed of NSP, of which cellulose, 
hemicellulose, and pectins are the most abundant (Selvendran and Robertson 1990). NSP 
and lignin are not considered as functional dietary constituents since they are indigestible 
by monogastrics (Grieshop et al. 2001). DDGS has higher NSP, crude protein, crude fat, 
and mineral content compared to corn, but because of its high NSP, monogastrics cannot 
digest DDGS efficiently. The metabolizable energy in DDGS as compared to corn is 
2,820 vs 3,420 kcal/kg, respectively (National Research Council 1994; Graham and 
Åman 1991). The use of DDGS in ruminant diets has been successful, but has been 
limited in swine and poultry diets due to its lower digestibility and energy content (Min et 
al. 2009). By modifying DDGS to be more suitable for monogastric nutrition, it could be 
more easily utilized in markets like swine, poultry, and aquaculture production.  
To improve the digestibility of lignocellulose, various types of pretreatments are 
used to disorder the highly-ordered plant cell wall structure by breaking the lignin seal, 
partially removing the hemicellulose, and/or disrupting the cellulose structure. Ideally, 
pretreatments should use minimal amounts of energy, chemicals, and/or enzymes to limit 
the cost of the pretreatment process (Mosier et al. 2005b). A depiction of a chemical 
and/or physical pretreatment process is shown in Figure 1.7. After pretreatment, the 
cellulose and hemicellulose fibers are more accessible to enzymes.  
Due to the recalcitrant nature of DDGS fibers, pretreatment is required before 
saccharification. This can be achieved through physical, chemical, biological, or a 
combination of these pretreatments. A few studies (Kim et al. 2008; Bals et al. 2006; 
Dien et al. 2008) have shown that DDGS can be easily hydrolyzed via liquid hot water, 
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ammonia fiber expansion, or dilute acid pretreatment, followed by saccharification with 
cellulase enzymes.  
 
Figure 1.7: Effect of pretreatment on lignocellulosic material (reproduced from Mosier et 
al. 2005a) 
 
1.2.2 Physical Pretreatment Methods  
1.2.2.1 Mechanical Reduction  
Mechanical comminution reduces lignocellulose’s particle size and crystallinity 
by chipping, grinding, and milling to increase the surface area and reduce the degree of 
polymerization (10-30 mm after chipping and 0.2-2 mm after grinding or milling) 
(Tassinari et al. 1980; Sun and Cheng 2002). This can be achieved by either dry milling, 
wet milling, compression milling, or vibratory ball milling (Sarkar et al. 2012). Milling 
alters the ultrastructure of lignocellulose and the degree of crystallinity, so cellulase can 
more readily access and hydrolyze the cellulose (Mais et al. 2002). Reducing the size of 
the material has been shown to have positive results (Bjerre et al. 1996; Pandey 2008), 
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but a very fine particle size could have negative effects if clumping occurs when the 
ground biomass is mixed with water. It was found with corn stover, the sizes of 53-75 μm 
was 1.5 times more productive than the larger particles of 425-710 μm (Zeng et al. 
2007b).  
1.2.2.2 Extrusion 
Extrusion is a thermal-physical pretreatment where the material is mixed, 
compressed, heated, and sheared within a confined barrel and screw device, causing 
physical and chemical alterations (Alvira et al. 2010; Yoo et al. 2011). It is thought that 
that the screw speed and barrel temperature disrupt the lignocellulose structure by 
fibrillation, defibrillation, and shortening fibers. This increases carbohydrate accessibility 
to enzyme attack (Karunanithy et al. 2008). The advantages of this method include short 
residence time, rapid mixing, high shear, moderate barrel temperature, no washing and 
conditioning, no generation of furfural and 5-hyroxymethyl furfural (HMF), and easy 
scale-up (Karunanithy and Muthukumarappan 2011b; Karunanithy et al. 2008). Also, 
extrusion has no effluent (wastewater) or solid loss (Karunanithy and Muthukumarappan 
2011a). Oryschak et al. (2010) used extrusion corn DDGS and found that a twin-screw 
extrusion at 30% dietary inclusion substantially increased the apparent ileal digestibility 
(AID) of nutrients, particularly amino acids in broiler diets. The increase for most of the 
nutrients ranged between 10-15% except the AID of lysine, which increased by 34%.   
1.2.2.3 Ultrasonication 
Appling high power ultrasonication through a medium like water will cause 
cavitation because of the ultrasonic rarefaction. The low pressure cavities violently 
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implode and cause the surrounding particles to break apart because of the intense hydro-
mechanical shear forces experienced in the solution (Khanal et al. 2007). The magnitude 
of the negative pressure experienced in the areas of rarefaction will become sufficient to 
produce bubbles because of the liquid fractionation (Brennen 2013). These cavitation 
‘bubbles’ are usually made at nucleation sites like impurities or interfaces. When the 
liquid fractures or tears, it vaporizes causing the spread of wave fronts.  The cavitation 
bubbles will oscillate under the positive and negative pressure and eventually grow into 
an unstable size. Implosions happen with the violent collapse of the cavitation bubbles, 
causing shock waves and jets that radiate from the sites of collapse (Brennen 2013). 
Another phenomenon that can occur is acoustic streaming. This is caused by high 
frequency sound waves, and when it is present in a fluid it can also be called acoustic 
flow ("Acoustic Streaming" Sci-Tech Dictionary  2003; Nyborg 1965). The ultrasonic 
waves that are applied through a liquid will increase the temperature of the liquid and 
solid objects submerged in it. The increase of heat transfer is caused by the agitation 
effect from the microjets of cavitation shearing experienced from acoustic streaming 
(Nakagawa 2004).  
Ultrasonication increases the cleavage of bonds within lignin and the bonds 
between lignin and hemicellulose. The shear forces of ultrasonication also augment 
polymer degradation of hemicellulose and cellulose (Bussemaker and Zhang 2013). 
Using high energy ultrasonication can enhance the fragmentation of particulate matter by 
reducing the particle size and increasing the soluble matter fraction (El-Hadj et al. 2007; 
Wang et al. 2005a). Chyi and Dague (1994) observed this effect and noted that a smaller 
particle size of 20 μm had a higher conversion efficiency than a 50 μm particle size 
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during the anaerobic degradation of cellulose. Sharma et al. (2016) found with DDGS, 
sonication for 3 minutes with 100% amplitude at 5% (w/v) enzyme loading after 24 hours 
showed to be optimal. The carbohydrate conversion yields (ration of carbohydrates from 
pretreated biomass to un-pretreated biomass) of ultrasonicated DDGS at 9% solid loading 
rate (SLR) was 18.5 ± 2.1 %. When the samples were scaled up to 30 g, the carbohydrate 
conversion for ultrasonicated DDGS was 60.37 ± 10.8 %.  
1.2.2.4 Liquid Hot Water   
Liquid hot water pretreatment (LHW) involves saturating the lignocellulosic biomass 
in water before heat treating the slurry at 120 - 200°C for 5 - 15 minutes under pressure 
to ensure the water says in the liquid state. Since LHW pretreatment does not involve the 
addition of chemicals, the pretreated solids do not have to be recovered or neutralized 
before processing further (Kim et al. 2009). LHW pretreatment dissolves the 
hemicellulose fraction of biomass into soluble oligosaccharides, while minimizing the 
formation of monomeric sugars and sugar degradation products like 5-hyroxymethyl 
furfural (HMF) and furfural. Both compounds are known to inhibit yeast or bacteria in 
the ethanol fermentation process (Bobleter 1994; Couallier et al. 2006; Kohlmann et al. 
1995; Mok and Antal Jr 1992; Mosier et al. 2005b; Sanchez and Bautista 1988; Weil et 
al. 1998; Weil et al. 1997; Zeng et al. 2007a). LHW pretreatment has been shown to 
improve the enzymatic digestibility of various types of lignocellulosic biomass (Kim et 
al. 2008; Mosier et al. 2005a; Mosier et al. 2005c; Weil et al. 1994; Zeng et al. 2007a). 
During LHW pretreatment, acetic acid and other organic acids can be created from 
hemicellulose, and will facilitate acid-catalyzed hydrolysis and solubilization of the 
hemicellulose fraction. Some studies have shown hot compressed liquid water can 
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remove some lignin from the biomass (Bobleter 1994; Mok and Antal Jr 1992; Weil et al. 
1997). Kim et al. (2008) heated 15.7% SLR DDGS at 160⁰C for 20 minutes under 
pressure and was treated with 15 filter paper units (FPU) cellulase and 40 international 
units (IU) β-glucosidase. After 3 days of hydrolysis, the glucose yield increased to 98%, 
increasing the initial hydrolysis rate by 10 times. The final sugar concentration was 27.1 
g/L glucose and 5.3 g/L xylose. 
1.2.3 Chemical Pretreatment Methods 
1.2.3.1 Dilute Acid  
Dilute acid pretreatment is considered to be one of the most important techniques 
for achieving high lignocellulose sugar yields. The pretreatment is usually carried out 
with 0.2-2.5% w/w of acid at temperatures between 130-210⁰C (Sarkar et al. 2012). This 
pretreatment can be performed with a short retention time (i.e. 5 min) at high 
temperatures (i.e. 180⁰C) or with a long retention time (i.e. 30-90 min) at lower 
temperatures (i.e. 120⁰C) (Taherzadeh and Karimi 2008). The most widely used acid is 
sulfuric acid, but hydrochloric, phosphoric, and nitric acids have also been used (Cardona 
et al. 2010). The acid typically hydrolyzes hemicellulose first because it is easier to 
hydrolyze than cellulose (Cardona et al. 2010). By removing the hemicellulose, the 
subsequent digestibility of cellulose is enhanced due to greater enzyme accessibility 
(Brownell and Saddler 1984; Converse and Grethlein 1985; Grous et al. 1986; Knappert 
et al. 1981). However, if treatment conditions are too intensive, the xylose released from 
hemicellulose can continue to break down to create furfural (Mosier et al. 2005b). 
Noureddini and Byun (2010) treated DDG with 1% sulfuric acid and 10% SLR with 
temperatures 120⁰C and 140⁰C for 60 minutes. It was found the total sugars of glucose, 
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xylose, galactose, and arabinose from 120⁰C increased from 2.7 to 20.5 mg/ml and 140⁰C 
increased from 5.6 to 26.6 mg/ml.   
1.2.3.2 Dilute Alkali   
Dilute alkali pretreatment can be performed under either severe or moderate 
conditions. The severe process uses low alkali concentrations (i.e. 0.5-4%) and high 
temperatures (Cheng et al. 2008; Mirahmadi et al. 2010). The moderate condition process 
uses a high alkali concentrations (i.e. 6-20%) and low temperatures (i.e. 0-30⁰C) 
(Mirahmadi et al. 2010; Wu et al. 2011a; Wu et al. 2011b). The alkali most commonly 
used are NaOH, ammonia, peroxide, and lime because of their low cost and effectiveness 
in lowering enzyme dosages subsequently required to convert cellulose to glucose 
(Sendich et al. 2008). The principle disadvantage of dilute alkali pretreatment is that 
inhibitors can be generated from the lignin decomposition (phenols, carboxylic acids, and 
furans), causing economically unsustainable practices (McIntosh and Vancov 2011). 
Dilute alkali pretreatments delignify biomass by disrupting the lignin and xylan 
cross-linking ester bonds, which also increases the porosity of the lignocellulose biomass 
(Tarkow and Feist 1969). This results in enriched fractions of cellulose and hemicellulose 
(Sun and Cheng 2002).  Fan et al (2012) found that a dilute sodium hydroxide (NaOH) 
treatment of lignocellulosic caused swelling, increased internal surface area, decreased 
crystallinity, decreased the degree of polymerization, separated the structural linkages 
between lignin and carbohydrates, and disrupted the lignin structure. Pretreating 
lignocellulose biomass with aqueous ammonia at elevated temperature reduced lignin 
content and remove some hemicellulose while de-crystallizing cellulose. Soaking in 
aqueous ammonia efficiently removed the lignin from the raw material by minimizing the 
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interaction it has with hemicellulose (Chaturvedi and Verma 2013). This resulted in an 
increased surface area and pore size. The hemicellulose and cellulose are retained and can 
then be hydrolyzed to fermentable sugars by commercial xylanase and cellulase mixtures 
(Harmsen et al. 2010). However, the cost of using ammonia and recovering it increases 
the cost of the pretreatment (Holtzapple et al. 1991; Holtzapple et al. 1994).  
1.2.3.3 Ammonia Recycle Percolation  
Ammonia recycle percolation (ARP) is a pretreatment in which aqueous ammonia (5-
15%) is passed through a column reactor that is packed with lignocellulose biomass. 
Conditions typically include temperatures of 150-180C and an aqueous ammonia 
residence time of 10-90 minutes (Harmsen et al. 2010; Kim et al. 2003; Wu and Lee 
1997; Yoon et al. 1995). The aqueous ammonia under these conditions reacts primarily 
with lignin and not cellulose, causing lignin depolymerization by cleaving lignin-
carbohydrate linkages (Mosier et al. 2005b). Ammonia selectively breaks down lignin by 
ammonolysis and solubilizes hemicellulose during longer retention times. The resulting 
material consists of high amounts of glucan and short-chained cellulose, as it successfully 
removes 59-70% of lignin and solubilizes 48-57% of xylan. More than 86% of the 
glycans can be enzymatic digested (Kim and Lee 2005; Yang and Wyman 2008). ARP 
also limits the production of inhibitors, so that the pretreated material does not need to be 
washed prior to downstream processes (Mes-Hartree et al. 1988). 
1.2.3.4 Organosolv  
Organosolv pretreatment involves using a cocktail of organic or aqueous-organic 
solvents (i.e. alcohols, ketones, esters, organic acids, glycols, ethers, and phenols) in 
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water at temperatures of 150-200⁰C for 20-60 minutes to dissolve lignin and part of the 
hemicellulose. This process can be done with or without the addition of a catalysts like 
oxalic, salicylic, or acetylsalicylic acids to reduce the operating temperature or increase 
the delignification process (Chum et al. 1985; Taherzadeh and Karimi 2008; Sidiras and 
Salapa 2015; Mesa et al. 2011).  Lignin and hemicellulose bonds are broken in the 
process, resulting in a by-product of relatively pure and high quality lignin (Mesa et al. 
2011). Removal of lignin increases surface area, making cellulose more accessible to 
enzymes (Koo et al. 2011). Main drawbacks of this method are that the organic solvents 
have low-boiling points, there is a high risk for high-pressure operation, and the high 
volatility and flammability of the solvents (Sun and Chen 2008). Also, the solvents must 
be recycled to decrease the operation costs and prevent the inhibitory effects it can have 
on enzymatic hydrolysis and microorganisms (Sun and Cheng 2002). Mesa et al. (2011) 
found the optimal organosolv pretreatment for sugarcane bagasse was using 30% (v/v) 
ethanol at 195⁰C for 60 minutes after an acid treatment of 0.2 M H2SO2 in a 1:5 w:w 
ratio of solid: liquid at 120⁰C for 40 minutes. Enzymatic hydrolysis was achieved with 15 
FPU/g cellulase and 15 IU/g β-glucosidase and resulted in producing 67.3 % (w/w) 
glucose versus 61.83 % (w/w) glucose of the acid pretreated sugarcane bagasse.  
1.2.3.5 Wet Oxidation  
Wet oxidation is a process where the material is treated with water and air/oxygen 
at temperatures above 120⁰C for a period of time (i.e. 30 min) (Garrote et al. 1999; 
Palonen et al. 2004; Varga et al. 2004) and can be combined with acidic or alkaline 
solutions. This process effectively separates cellulose from the lignin and hemicellulose. 
The hemicellulose fraction is solubilized and degraded into monomeric sugars. The lignin 
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is cleaved and oxidized, while the cellulose is partially degraded, making it highly 
susceptible to enzymatic hydrolysis (Chum et al. 1985; Saha 2003; Schultz et al. 1984). 
Since this process is exothermic, it is self-supported after heat is initially provided to start 
the reaction. Martin et al. (2007) used wet oxidation on sugarcane bagasse to enhance 
enzymatic hydrolysis and were able to solubilize 93-94% of hemicellulose and 40-50% 
lignin following treatment at 195⁰C for 15 minutes. When alkaline wet oxidation was 
used at 185⁰C for 5 minutes, it only solubilized 30% of hemicellulose and 20% of the 
lignin, but did reduce the formation of furans. Acidic wet oxidation at 195⁰C for 15 
minutes created the highest formation of phenols, carboxylic acids, and furans. However, 
the highest sugar yield was obtained when the acidic wet oxidation was conducted at 
185⁰C for 5 minutes.   
1.2.4 Combined Physical/Chemical Pretreatment Methods 
1.2.4.1 Steam Explosion 
One of the oldest biomass pretreatments is steam treatment or steam explosion, 
with or without the addition of a catalyst. This method uses low amounts of chemicals 
and its energy consumption is limited (Harmsen et al. 2010). Steam explosion is a 
hydrothermal pretreatment where biomass is subjected to high pressurized steam (i.e. 
160-260⁰C) for a period of time that can range from seconds (i.e. 30 sec) to several 
minutes (i.e. 20 min) before it is suddenly depressurized (Ahring and Thomsen 2003; 
Ballesteros et al. 2004; Carrasco et al. 1994; Cullis et al. 2004; Josefsson et al. 2002; 
Kurabi et al. 2005; Laser et al. 2002; Mes-Hartree and Saddler 1983; Ruiz et al. 2006; 
Sun et al. 2004; Varga et al. 2004). When the pressure is suddenly reduced it causes 
explosive decompression of the biomass, which separates the fibers from lignin. This 
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pretreatment improves the enzymatic digestion by removing most of the hemicellulose 
and disrupting the lignin (Boussaid et al. 1999; Pan et al. 2005). Higher temperatures are 
more efficient in releasing hemicellulosic sugars, however sugar loss increases as the 
temperature is increased, resulting a decrease in total sugar recovery (Ruiz et al. 2008). 
Corredor et al. (2008) pretreated soybean hulls with 2 % sulfuric acid and steam 
explosion at 140⁰C for 30 minutes before enzymatic hydrolysis with 15 FPU cellulase 
and 50 cellobiase unit (CBU) β-glucosidase. The total sugars recovered was 80% from 
the soybean hulls.  
1.2.4.2 Ammonia Fiber Explosion 
Ammonia fiber explosion (AFEX) is an alkaline thermal pretreatment that exposes 
biomass to liquid ammonia under high temperature and pressure, followed by a rapid 
pressure release (Balat et al. 2008). Optimal process conditions are unique for each 
material. However, in general, moderate temperatures are used (i.e. 60-100⁰C) with 
residence times ranging from 5-30 min, and up to 1 kg of ammonia added per kg of dry 
substrate (Alizadeh et al. 2005; Chundawat et al. 2007; Teymouri et al. 2004). Ammonia 
is recovered and recycled in the process. This pretreatment does not directly liberate 
sugars, but rather solubilizes lignin to permit more efficient hydrolysis of hemicellulose 
and cellulose during subsequent enzymatic saccharification (Sarkar et al. 2012; Wyman 
et al. 2005). This treatment does not produce inhibitors and small particle size is not 
needed for efficacy (Mosier et al. 2005b; Sun and Cheng 2002). Unfortunately this 
treatment is less efficient if the biomass has high lignin content and can cause 
solubilization of a small fraction of solid material, specifically hemicellulose (Sun and 
Cheng 2002). Using AFEX was reported to improve the efficiency of enzymatic 
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hydrolysis on DDGS by Bals et al. (2006). The optimal treatment for DDGS was found to 
be 70⁰C for 5 minutes with a 0.8:1 kg/kg ammonia loading. These mild conditions caused 
the glucose yields to increase from 83% to 108% of the theoretical value after 72 hr of 
hydrolysis with cellulase at 16.5 FPU/g glucan and β-glucosidase at 56 pNPGU/g glucan, 
or 190 g glucose/kg dry biomass.   
1.2.5 Biological Pretreatments   
1.2.5.1 Fungal Processes 
The most commonly used class of microorganisms for lignocellulosic 
pretreatment is filamentous fungi, as there are an abundance of fungal species that 
produce enzymes that degrade cellulose, hemicellulose, and/or lignin (Vats et al. 2013).  
In fact, over 14,000 fungal species are known to be capable of degrading lignocellulose 
(Mandels and Sternberg 1976). Many fungal strains produce and secrete multiple, 
synergistically-acting, lignocellulolytic enzymes that contribute significantly to the decay 
of lignocellulose biomass in nature. However, to this point, only a few have been 
subjected to in-depth studies. The effect fungi can have on lignocellulose is represented 
in Figure 1.8.  
A significant amount of research has been conducted to assess brown, white, and 
soft-rot fungi, as they primarily degrade lignin and hemicellulose, while leaving most of 
the cellulose intact (Sánchez 2009). White-rot fungi have been shown to be the most 
effective, as they degrade lignin through the action of manganese-dependent peroxidases 
and lignin peroxidases (Kumar and Wyman 2009). Studies have suggested the optimal 
level for lignin degradation and ligninolytic activities for most white rot fungi occur in 
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solid state reactions with initial moisture content of 70-80% for various types of 
lignocellulose biomass. Shi et al. (2008) used Phanerochaete chrysosporium on solid 
state cotton stalks with various moisture content, inorganic salt concentrations, and 0-14 
days of incubation. The optimal pretreatment was a 14 day incubation at 75% initial 
moisture content without salt supplementation that achieved 27.6% lignin degradation, 
41.6% carbohydrate availability, and 71.1% solids recovery. Solid state cultivation of P. 
chrysosporium on corn cobs was investigated by (Asgher et al. 2006) with moisture 
contents of 40-90%. A moisture content of 70% achieved the highest ligninase activity 
after 7 days of incubation. Wan and Li (2010) incubated Ceriporiopsis subvermispora on 
solid state corn stover for 42 days and observed 19.48%, 29.54%, and 31.33% lignin 
degradation at moisture contents of 60%, 75%, and 85%, respectively.   
 
Figure 1.8: Effect of biological pretreatment on lignocellulosic biomass (reproduced 
from Millati et al. 2011).  
 
1.2.5.2 Bacterial Processes  
Certain bacteria, such as Streptomyces and Actinomycetes, also have the ability to 
degrade lignin, and this typically occurs under aerobic conditions. Streptomyces have 
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been found to mineralize up to 15% of lignin in 12-21 days, but typically degrade less 
than this amount (Berrocal et al. 1997; Crawford and Sutherland 1980; Godden et al. 
1992; Zimmermann 1990). Streptomyces spp. typically solubilize part of the lignin and 
create a water-soluble, acid-precipitable polymeric lignin as an end product (Crawford et 
al. 1983). Actinomycetes spp. produce extracellular peroxides to degrade lignin (Mercer 
et al. 1996; Pasti and Crawford 1991). Non-filamentous bacteria were originally thought 
to lack the ability to degrade lignin, but they have the ability to erode wood fibers by 
tunneling (Daniel et al. 1987; Nilsson and Daniel 1983) and cavitation (Nilsson and 
Singh 1983). Non-filamentous bacteria normally mineralize less than 10% of lignin and 
can only degrade the low-molecular weight part of lignin and hydrolysis products of 
lignin (Rüttimann et al. 1991). Non-filamentous bacteria could play a role in the final 
mineralization of lignin. In fact, some authors believe bacteria play a secondary role to 
fungi in the biodegradation of lignin in natural environments (Janshekar and Fiechter 
1983; Kirk and Farrell 1987).  
1.2.6 Enzymatic Saccharification 
Fungi are the primarily source of commercial cellulase enzymes, with Trichoderma, 
Penicillium, and Aspergillus being the most prevalent (Galbe and Zacchi 2002). These 
three fungi efficiently produce high levels of the cellulase enzyme complex needed to 
hydrolyze cellulose into glucose. These enzymes are generally secreted outside the cell, 
since cellulose polymers cannot be absorbed through the membrane. This simplifies 
commercial enzyme production, as the enzymes are released into the growth medium 
where they can be readily recovered to create a supply of low-cost enzymes (Merino and 
Cherry 2007). 
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Bacteria also can create cellulases to hydrolyze cellulose. They are typically 
excreted as multi-enzyme complexes, called cellulosome, consisting of multiple subunits 
that interact with each other synergistically and efficiently to degrade cellulose (Bayer et 
al. 2004). The cellulosome is thought to allow concentrated enzyme activity to be near 
the bacterial cell to help optimize the synergism between the cellulases present in the 
cellulosome (Schwarz 2001). Similar characteristics shared by cellulosome is they all 
have a large distinct protein which allows the binding of the whole complex to 
microcrystalline cellulose by nonspecific carbohydrate binding module (Maki et al. 
2009). 
1.2.6.1 Cellulose Hydrolysis  
To hydrolyze cellulose, three distinct enzymes must work synergistically. These 
include: endocellulase, exocellulase, and β-glucosidase. The site of action for each of 
these enzymes can be found in Figure 1.9.  
1.2.6.1.1 Endocellulase 
Endocellulase or endoglucanase (endo-1, 4- β -D--glucanase, EC 3.2.1.4) randomly 
cleaves amorphous sections of the cellulose chain to create random length fragments 
(Schwietzke et al. 2009). This first step of cellulose hydrolysis is critical because it 
creates more oligosaccharides for the second enzyme in the system, exocellulase, to 
attack (Kumar et al. 2008). 
1.2.6.1.2 Exocellulase 
Exocellulase or exoglucanase (cellobiohydrolases) (1,4- β -D-
glucancellobiohydrolase, EC 3.2.1.91) cleaves cellobiose molecules from the 
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oligosaccharides generated via action of the endocellulase. Exocellulase enzymes are also 
important, as they are the only enzyme that can degrade the highly ordered crystalline 
regions (Kumar et al. 2008). 
1.2.6.1.3 β-Glucosidase  
The last step in cellulose hydrolysis is cleavage of cellobiose to glucose by the 
action of β-glucosidase (β -D-glucoside glucanohydrolase, cellobiase, EC 3.2.1.21). If β-
glucosidase is not present, end-product inhibition from cellobiose will occur for the other 
enzymes, endocellulase and exocellulase (Hahn-Hägerdal et al. 2006). 
 
Figure 1.9: Cellulose’s molecular structure with the action sites of endocellulase, 
exocellulase, and β-glucosidase. (Adapted from Kumar et al. (2008) and Karmakar and 
Ray (2011)).  
 
1.3 Aureobasidium pullulans 
1.3.1 Colonial and Cellular Morphology 
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Aureobasidium pullulans is a yeast-like fungus with pleomorphic characteristics. 
It has the ability to alter its morphology, physiological state, or behavior in response to 
environmental signals (De Hoog 1993; Slepecky and Starmer 2009; West-Eberhard 
1989).  A. pullulans has three distinct cellular morphologies, which include large 
chlamydospores, small elliptical yeast-like cells, and elongated branched septate 
filaments. This latter form allows A. pullulans to grow at low water activities (Chi et al. 
2009; Zalar et al. 2008). When A. pullulans is grown on a solid surface (i.e. agar based 
medium), the initial visible colonies can be yellow, cream, light pink, or light brown, 
depending on the particular strain. As colonies age, they typically darken to a blackish 
color due to the production of melanin. This is why A. pullulans is commonly known as 
the black yeast (De Hoog 1993; Chi et al. 2009). At the microscopic level, cells in a 
young colony (or near the leading edge of the colony) are predominately in the form of 
yeast-like, unicellular budding cells called blastoconidia. As the colony grows, cells 
behind the leading edge will transition into the form of smooth septate hyphae with 
diameters of 2-16 µm. As cells in the central parts of the colony continue to age they will 
become dark brown and the wall thickness of hyphae may increase. Generally, these 
hyphae are 2-10 µm diameter, but can also reach 15-20 µm. For some strains of A. 
pullulans, cells near the tip of the hyphae can differentiate into large, thick walled, brown 
chlamydoconidia (6 x 12 µm). Further maturation can result in thick walled cells called 
arthroconidia (Patterson and McGinnis 2009; Mirzwa-Mróz et al. 2014). Figure 1.10 
shows the four growth phases of A. pullulans.  
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Figure 1.10: Phases of growth of A. pullulans (1) young culture: yeast-like cells, (2) 
growing culture: filamentous, (3) old culture: production of chlamydoconidia, (4) very 
mature culture: production of arthroconidia.   
 
1.3.2 Growth Requirements  
A. pullulans is considered a poly-extremotolerant organism due to its ability to 
adapt to and tolerate a wide range of ecological conditions (Gostinčar et al. 2010; 
Gostinčar et al. 2011). A. pullulans can be found in temperate, tropical, and polar areas. It 
can grow on a broad diversity of surfaces and under an equally broad range of conditions, 
including Antarctic soils, glacial ice, coastal water, deep sea, polluted water, plants, 
wood, stored grain, rocks, monuments, and limestone (Urzì et al. 1999; Branda et al. 
2010; Zalar et al. 2008; Gunde-Cimerman et al. 2000; Li et al. 2007; Nagahama 2006; 
Olstorpe et al. 2010). Many A. pullulans strains can be found in soil and on the above-
ground portions of a diverse set of plants (phyllosphere) (Urzì et al. 1999; Andrews et al. 
2002; Grube et al. 2011). A. pullulans has also found its way into our homes, including 
dishwashers; tap water; bathroom surfaces; surface of synthetic polymers; house dust; 
refrigerated, frozen, salt-preserved, and dried foods; and on the surface of human skin 
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(Zalar et al. 2011; Arvanitidou et al. 1999; Lotrakul et al. 2009; Cappitelli and Sorlini 
2008; Kaarakainen et al. 2009; Nisiotou et al. 2010; Pitt and Hocking 2009; Zhang et al. 
2011). The ability of A. pullulans to survive under hypersaline, acidic, basic, cold, and 
oligotrophic (nutrient deprived) conditions shows how ubiquitous this species can be. Its 
adaptability to stress is associated with its ability to precisely manage intracellular 
concentrations of alkali-metal cations, synthesize compatible solutes and mycosporines, 
and alter its membrane lipid composition (Kogej et al. 2005; Managbanag and Torzilli 
2002; Kogej et al. 2006; Gostinčar et al. 2008; Turk et al. 2004).  
1.3.2.1 Physical 
1.3.2.1.1 Temperature 
A. pullulans has a wide temperature range, and has been reported to grow between 
2 - 35⁰C, with an optimum temperature of 30⁰C and facilitated cell growth at 7.2 g/L 
(Skou 1969; Cheng et al. 2011). Some strains have been reported to grow at temperatures 
of -5⁰C (Michener and Elliott 1964). The optimal temperature to produce 
exopolysaccharide, including pullulan and β-glucan (explained further in products 
section), and biomass do not always overlap. There has been no definitive explanation for 
these differences, although McNeil and Kristiansen (1990) have shown in batch and 
continuous culture that pullulans yields are correlated with incubation temperature and 
cellular morphology. A temperature of 24⁰C was optimal for exopolysaccharide 
synthesis, and mainly unicells were present. At incubation temperatures of 25 - 36⁰C, 
exopolysaccharide production was reduced, and cells were primarily in the shape of 
chlamydospores.  
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1.3.2.1.2 pH 
Culture pH can also influence cellular morphology and metabolism of A. 
pullulans. When grown at pH 2.0 – 2.5, the mycelial form of A. pullulans predominates, 
and the cells will not produce pullulans (Lee et al. 2002; LeDuy et al. 1983; Lacroix et al. 
1985; Ono et al. 1977). However, if the pH is between 2.0 – 4.5, high biomass levels are 
produced (Kondratyeva 1981; LeDuy et al. 1983; Lacroix et al. 1985). When grown 
between pH 6.0 – 8.0, A. pullulans grows primarily in a yeast-like form while the pH 
range of 5.5 – 7.5 are optimal for pullulans production (Lee et al. 2002; Ono et al. 1977; 
Lee and Yoo 1993; Shingel 2004; Cheng et al. 2010; Li et al. 2009). The optimal pH for 
cell mass growth is different than for pullulans synthesis (Catley 1971). 
1.2.3.1.3 Oxygen 
A. pullulans is an aerobe (Leathers et al. 1988), and therefore increasing the 
amount of oxygen in the culture broth can benefit both production of A. pullulans cells 
and pullulans (Ürküt 2007). By increasing the gas partial pressure, pressure, and/or 
airflow rates it has the possibility to increase production of pullulans by increasing its 
oxygen transfer rate. High aeration during fermentation (up to 2 volume of airflow per 
volume of medium per minute (v/v/m)) will lead to increased pullulan concentration 
along with cell growth (biomass) (Roukas and Mantzouridou 2001). But Audet et al. 
(1996) cautions that high aeration should be used with care because when under well-
aerated conditions, pullulans production decreases its molecular weight. Biomass and 
pullulans production appear to coincide with the aeration rates. Cheng et al. (2011) found 
A. pullulans produced the highest amount of pullulan (25.8 g/L) and biomass (30.7 g/L) 
happened at aeration of 1.5 v/v/m.  
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1.3.2.2 Nutritional 
1.3.2.2.1 Macronutrients 
Macronutrients are the elements and compounds required in large amounts for 
normal microbial growth and development. For fungi, the most vital macronutrients are 
carbon and nitrogen (Campbell et al. 1983). Carbon is the most vital and essential 
structural component for the framework of fungal cells, while nitrogen is important for 
functions including protein synthesis (Bilgrami and Verma 1978). The carbon to nitrogen 
ratio (C/N) can influence the efficiency and rate of assimilation of nitrogen into microbial 
biomass (Narasimha et al. 2006; Zibilske 1998).  
Not all fungi are able to utilize the same sources of carbon and nitrogen. Their 
utilization can depend on the carbon compound configuration, the fungus’ ability to 
utilize a specific source of carbon, and the type of nitrogen source (Hussian and Zamir 
1970). Jadhav and Gawai (2012) showed this importance when 4 strains of A. pullulans 
where grown in various carbon and nitrogen sources to find the best for biomass 
production. They found the best carbon source measured by dry mycelial was glucose, 
followed by sucrose, maltose, and starch. The best nitrogen source measured by dry 
mycelial was found to be KNO3, and was followed by peptone, NaNO3, NH4Cl, and 
(NH4)2SO2. The best carbon source and nitrogen source produced 0.401g – 0.372g and 
0.325g – 0.305g of dry mycelial, respectively. The carbon and nitrogen source that 
performed the worst produced 0.220g – 0.202g and 0.292g – 0.201g of dry mycelial, 
respectively. A. pullulans not only can utilize glucose and sucrose but has also been 
known to use other carbon sources including galactose, mannose, fructose, and 
agriculture waste (Duan et al. 2008; Singh and Saini 2008). 
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1.3.3.2.2 Micronutrients 
Micronutrients are chemical elements or substances required in trace amounts for 
normal microbial growth and development. Requirements for micronutrients can vary 
depending upon the conditions under which A. pullulans is grown, and the desired 
metabolic products.  
When trace amounts of metal ions are included in the media, they can influence 
morphological changes on A. pullulans. When crystalline copper was introduced to the 
solid media, A. pullulans growing originally as unicellular will transform to 
pseurdomycelia and if in liquid culture, will stimulate chlamydospores formation (Gadd 
and Griffiths 1980). Reeslev et al. (1991) found by adding 7.6 uM Zn2+ or 17.8 uM Fe3+ 
to a glucose limited chemostat culture resulted in a change in mycelial structure. Reeslev 
et al. (1993) also found in continuous culture, the levels of Zn2+ controls A. pullulans 
morphology and exopolysaccharide synthesis. When Zn2+ concentrations are low, it will 
grow primarily as unicells (more than 90% biomass in yeast form) and some 
exopolysaccharide is detected. However, when Zn2+ was increased the culture increased 
its mycelial production and above 0.8 uM, no exopolysaccharide was found. When Zn2+ 
concentration was at 7.6 uM, the resulting culture contained more than 90% biomass in 
mycelial form. These results were not found when using Mn2+, Ca2+, or Cu2+ (Reeslev et 
al. 1990), suggesting zinc has an important role on the dimorphism of A. pullulans. 
1.3.3 Products 
1.3.3.1 Exopolysaccharides 
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Pullulan, one of the exopolysaccharides excreted from A. pullulans, is a linear α-
d-glucan that is made of maltotriose repeating units, with α-1,4 – glycosidic bonds 
between the adjacent glucoses molecules. Maltotriose units are also interconnected by α-
1,6 linkages (Sutherland 1998), as shown in Figure 1.11. The α-1,4 and α-1,6 bonds 
provide pullulan with two distinct properties of enhanced solubility and structural 
flexibility (Leathers 1986).  β-glucan, the second exopolysaccharide secreted by A. 
pullulans, is a β-(1—3), (1—6)-D-glucan that is highly branched with β-(1—6)-
glycosidic bonds and efficient when at a certain condition (Brown and Lindberg 1967b, a; 
Hamada et al. 2000). This β-glucan layer is found between the cell wall of A. pullulans 
and the pullulan layer where it is ascribed to the pullulan chains arranged in a network 
that covers the inner layer of β-(1—3)-glucan, composed of glucose and mannose (Simon 
et al. 1993a).   
A. pullulans secretes pullulans, a water-soluble homopolysaccharide, 
extracellularly (Sutherland 1998). Pullulan is synthesized intracellularly at the cell 
membrane before it is secreted to the cell surface to form a loose, slimy layer (Simon et 
al. 1993b). A. pullulans also secretes a water-soluble β-glucan under certain conditions in 
growth medium (Hamada et al. 2000; Moriya et al. 2013). Microorganisms produce 
exopolysaccharides to help maintain hydration, provide protection against predation by 
protozoans, or affect its diffusion properties (Dudman 1977). Currently, it is still unclear 
why A. pullulans produces such large amounts of exopolysaccharide material.  Many 
studies have shown the production of pullulans is most favorable for one type of 
morphological form. It was first noted by Catley (1971) that pullulan production 
appeared to coincide when the morphology shifted from mycelium to blastospores. 
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Throughout the years, others have supported the theory that the blastospores morphology 
favors maximum exopolysaccharide production (Catley 1973, 1980; Heald and 
Kristiansen 1985; Kelly and Catley 1977). Because of this claim, many authors have tried 
to explain their results of exopolysaccharide production in various culture conditions in 
terms of proportions of blastospores present. However, this may not be the best route to 
explain exopolysaccharide production. There is extensive evidence that other forms of A. 
pullulans can produce exopolysaccharides and pullulans, including chlamydospores and 
mycelia (Auer and Seviour 1990; Catley and Kelly 1975; Gibbs and Seviour 1992; 
McNeil et al. 1989; Regulez et al. 1980; Simon et al. 1993b). 
Even at low concentrations, pullulan results in highly viscosity solutions. This 
property allows pullulan to be used as a thickening or extending agent, adhesive or 
encapsulating agent, or oxygen-impermeable film and fiber (Singh et al. 2008).  It has 
been reported that β-glucan secreted from A. pullulans exhibit anti-tumor effects (Kimura 
et al. 2006), prevent food allergies (Kimura et al. 2007), and exhibit anti-osteoportic 
effects on ovariectomized osteoporotic mice (Shin et al. 2007). β-glucan secreted from A. 
pullulans also promotes DNA synthesis of human peripheral blood mononuclear cells 
(PBMCs), so it induces the production of cytokines (Ikewaki et al. 2007).  
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Figure 1.11: Pullulan chemical structure. 
 
1.3.3.2 Single Cell Protein 
Single cell protein (SCP) consists of microbial cell mass, whether it is in the form 
of single individual cells or in the form of fungal mycelia or algal filaments. SCP has 
been considered as an alternative to conventional sources of livestock feed and food for 
humans (Nasseri et al. 2011). SCP can be produced by culturing microorganisms on 
industrial and agricultural wastes, either in a submerged or solid-state fermentation 
process. When the fermentation is complete, biomass is harvested and can be subjected to 
downstream processing steps (washing, cell disruption, protein extraction, and 
purification) (Faust et al. 1987). Researchers have found that supplementing cereals with 
SCP are just as good as animal proteins (Huang and Kinsella 1986). So, SCP can be used 
as food supplements to humans (food grade) or animals (feed grade) (Scrimshaw and 
Dillen 1977).  
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Currently, fungal species have been explored for the bioconversion of 
lignocellulosic wastes. A. pullulans is a promising species due to is ability to produce 
many enzymes (discussed in next section). Transforming waste products like cellulose, 
xylan, protein, and starch into single cell protein could be important use for A. pullulans 
(Chi et al. 2009).  
 Han et al. (1976) found when A. pullulans was grown on ryegrass straw 
hydrolysate, its cell composition and protein quality was comparable to the yeast 
Candida utilis, the most commonly used microbe in cellulose hydrolysates for protein 
production. A. pullulans has a relatively low content of nucleic acid which is an attractive 
feature for it is one of the most important factors limiting nutritional and toxicological 
value of yeast for animal and human consumption (Alvarez and Enriquez 1988).  Nucleic 
acid is not a toxic component but if taken at higher levels, like any other essential dietary 
ingredient, it can cause physiological effects (Nasseri et al. 2011). A. pullulans also 
contained higher amounts of lysine but also sulfur-containing amino acids. When fed to 
rats, the A. pullulans feed intake was slightly higher than C. utilis and weight gain was 
greater but did not show any toxic effect on the growing rates during the two-week 
feeding period. A. pullulans showed superiority to C. utilis in feed intake, weight gain, 
protein efficiency ratio and was non-toxic.  
1.3.3.3 Enzymes 
A. pullulans can produce a wide array of enzymes, depending upon the substrates 
and conditions under which the particular strain is grown. Various strains of A. pullulans 
have the ability to produce amylase, proteinase, pectinase, lipase, mannanase, cellulase, 
and xylanase. Amylase production is nearly universal among fungi (Cochrane 1958) and 
45 
 
this enzyme converts starch and glycogen into simple sugars. Proteinase splits proteins 
into smaller peptide fractions and amino acids while pectinase breaks down pectin, a 
polysaccharide in plant cell walls.  Lipase breaks down fats into fatty acids and 
glycerol/other alcohols. Mannanes breaks down mannose, a simple sugar that serves as 
carbohydrate reserves in many plants. Most strains of A. pullulans lack the ability to 
produce cellulase enzymes, (Dennis and Buhagiar 1973; Deshpande et al. 1992; Leathers 
1986) but some tropical isolates have shown production of CMCase (endoglucanase) and 
alpha-cellulase (exoglucanase) (Kudanga and Mwenje 2005). One strain of A. pullulans, 
Y-2311-1, has shown to be proficient in producing high levels of xylanase (Leathers 
1986). Xylan is a major component of hemicellulose, comprising 25-35% of 
lignocellulosic biomass (Whistler and Richards 1970; Ward et al. 1989). This wide scope 
of enzymes gives A. pullulans great potential to be applied in biotechnology, especially in 
conversion of lignocellulose waste.   
1.4. Genome Shuffling 
1.4.1 Background  
Improving industrially relevant phenotypes in microorganisms has proven to be 
difficult, largely due to complex biochemical networks and interactions with various 
pathways, even in simple prokaryotic cells. Knowledge is limited regarding the 
localization of enzymatic reactions, biochemical and regulatory networks, and the 
transport and fluxes of precursors, intermediates, and products. This limited knowledge 
base has impeded the successful application of recombinant DNA techniques to improve 
many microbial phenotypes (Petri and Schmidt-Dannert 2004). One way to overcome this 
deficiency is through the use of genome shuffling. This process combines breeding 
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procedures with rapid screening to quickly improve microbial phenotypes by 
simultaneously changing multiple genes throughout the entire genome without the need 
to know the genome sequence (Patnaik et al. 2002; Zhang et al. 2002; Petri and Schmidt-
Dannert 2004).  Genome shuffling is accomplished by first subjecting the wild type strain 
to mutagenesis to generate multiple isolates with genetic variability. These mutant 
populations are then subjected to genome shuffling, a process that uses protoplast fusion 
to recombine their genomes in unique combinations (discussed further below). Figure 
1.12 shows the linear process of creating genome shuffled strains by subjecting microbes 
to directed, accelerated evolution. Genome shuffling has successfully been used on a 
variety of microorganisms to improve different phenotypic characteristics, including: acid 
tolerance in Lactobacillus (Patnaik et al. 2002); degradation of pentachlorophenol by 
Sphingobium chlorophenolicum (Dai and Copley 2004); hydroxycitric acid production in 
Streptomyces (Hida et al. 2007); thermotolerance, ethanol tolerance, and ethanol 
production in Saccharomyces cerevisiae (Shi et al. 2009); pullulan production in 
Aureobasidium pullulans (Kang et al. 2011); and cellulase production in Trichoderma 
viride (Xu et al. 2012).   
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Figure 1.12: Genome shuffling protocol including mutagenesis. Step 1, mutagenesis, 
involves creating two mutant populations from different treatments. Steps 2-5 are 
associated with the genome shuffling process.      
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1.4.2 Industrial Advantages  
One of the advantages of genome shuffling is that this technique allows many 
genes to be simultaneously modified throughout the entire genome of the cell. Detailed 
information regarding the genome sequence is not necessary (Petri and Schmidt-Dannert 
2004), and this saves time and money by eliminating the need to sequence and 
manipulate the genome through traditional recombinant DNA techniques. The entire 
process of enhancing microorganisms for production of new products, from idea to 
commercial deployment, can be augmented through genome shuffling. This process is 
often able to achieve desired results in a short amount of time to comply with the 
stringent time constraints experienced in industry (Petri and Schmidt-Dannert 2004). 
Another advantage of genome shuffling is that the created stains are not considered to be 
genetically modified organisms (GMOs) (Ahmed 2003). This can be important in areas 
such as the food industry, where GMO products may not match consumer demands.  
1.4.3 Mutagenesis   
1.4.3.1 Ultraviolet Treatment 
One mutant population for the genome shuffling process is typically created via 
ultraviolet (UV) irradiation (Fig. 1.12, step 1). UV irradiation has a shorter wavelength 
(100-400 nm) than visible light (400-700 nm), but is longer than x-rays (<100 nm). UV 
irradiation is further divided into three distinct spectral zones. They include UV-C, UV-
B, and UV-A with their respective wavelengths of 200-280 nm, 280-315 nm, and 315-
400 nm (Vázquez and Hanslmeier 2005). Sunlight is the major natural source of UV 
radiation and makes up the three spectral areas. UV-C does not make it to the earth’s 
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surface because it is completely screened by atmosphere. UV-B comprises 1-10% of the 
solar UV radiation energy that reaches the earth’s surface, and is responsible for 
sunburns, skin cancer, and immunosuppression. However, it is also critical for the 
synthesis of vitamin D for humans. UV-A comprises of 90-99% of the solar UV radiation 
energy that reaches the earth’s surface, and is responsible for skin aging (Gallagher and 
Lee 2006; Miller et al. 1998; Pastila and Leszczynski 2007).  
UV-C radiation is typically used for mutagenesis, since nucleic acids most 
strongly absorb 250-270 nm wavelengths (the germicidal spectrum). Wavelength 262 nm 
is considered the peak lethal wavelength (Gurzadyan et al. 1995).  UV-C radiation causes 
dimerization of pyrimidine molecules in DNA and RNA. Thymine, one of the 
nucleobases found in DNA, will produce cyclobutene dimers during exposure to UV-C. 
The dimerized thymine molecules interfere with nucleic acid replication, resulting in 
altered base sequences. This can result in modified gene products, and if mutations occur 
in critical regions, the cells may lose viability (Dai et al. 2012).  
1.4.3.2 Methyl Methanesulfonate Treatment  
A second mutant population is made using methyl methanesulfonate (MMS) 
mutagenesis (Fig. 1.12, step 1). MMS is a DNA alkylating agent and a known 
carcinogen. It has been used for years as a DNA damaging agent to induce mutagenesis 
in DNA recombination experiments. This chemical has also been used in cancer research 
as a representative DNA damaging agent. MMS modifies two nucleobases, guanine and 
adenine. Guanine is changed into 7-methylguanine and causes mispairing of bases, while 
adenine is changed to 3-methyladenin and causes replication blocks in the DNA sequence 
(Beranek 1990).    
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1.4.3.3 Heat Treatment  
Each species and strain of microorganism has its own specific maximum heat 
tolerance. Exposure to temperatures above the thermal tolerance can affect cellular 
components including outer layers, membrane, proteins, enzymes, RNA, and DNA. The 
duration and intensity of the thermal exposure will determine the extent of damage, and if 
the damage can be repaired (Russell 2003). There are many factors that affect the thermal 
tolerance of a specific microorganism. In the presence of fats, microorganisms can 
exhibit increased thermal resistance by affecting the cell moisture content.  Some salts 
(i.e. CaCl2 with Bacillus megaterium) can protect microorganism from thermal damage 
(Levinson and Hyatt 1964), while others can increase heat sensitivity (Ca2+ and Mg2+) by 
presumably increasing water activity (Jay et al. 2005). Microorganisms suspended in 
sugars can also show increased tolerance to high temperatures. Part of this effect is due to 
the decrease in water activity caused by the high sugar concentration. There is large 
variation in the effects of sugars on heat resistance (Jay et al. 2005).   
1.4.3.4 Protoplast Production, Fusion, and Regeneration    
Protoplasts are the essential element in the genome shuffling process, since they 
allow researchers to avoid the genetic exchange barriers that are typically in place in 
conventional mating systems (Muralidhar and Panda 2000). Protoplasts are generated by 
removing the cell wall to expose the cell membrane. Protoplasts with different genetic 
profiles are then incubated under specific conditions that allow the membranes of 
different cells to fuse, resulting in exchange and fusion of nucleic acids. This transfer is 
much harder, if not impossible, to achieve in cells with intact cell walls (Peberdy 1979). 
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After DNA fusion, cells are transferred into a recovery medium to allow the cell wall to 
regenerate. 
Protoplasts are formed by incubating cells in commercial lysing enzymes to 
completely digest the cell wall, or to at least cause localized puncturing of the cell wall 
(Fig. 1.12, step 2). For the protoplasts to survive, however, they must be suspended in a 
hypertonic solution to help provide the correct osmolality so the cell contents do not 
escape into the solution (Peberdy 1979). In the genome shuffling method, protoplasts of 
both mutant populations must then be temporarily inactivated to prevent them from 
dividing and forming parental-type clones. This is accomplished by two methods (UV or 
heat treatment), which are not shown in Figure 1.12. One method is applied to one 
population of protoplasts while the other method is applied to the other population. Two 
inactivating methods are necessary so that after fusion, the mixture of protoplasts will 
reactivate and regain their ability to reproduce.  
To accomplish protoplast fusion, polyethylene glycol (PEG) is then introduced 
into a mixture of the two protoplast mutant populations (Fig. 1.12, step 3). PEG causes 
non-specific aggregation of protoplasts, while also shrinking the protoplasts by 
withdrawing water. This allows the plasma membranes to be in close contact and cause 
protoplast fusions. Adding the cation Ca2+ to the PEG solution improves the efficiency of 
protoplast fusion by creating local disturbances in the membrane. The use of calcium ions 
to stimulate protoplast fusion and has been used widely with various fungi (El-Bondkly 
2006; Hatvani et al. 2006; Lee et al. 2011; Ogawa et al. 2000; Prabavathy et al. 2006; 
Reeves et al. 1992; Szewczyk et al. 2006; van Diepeningen et al. 1998).   
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Once the protoplasts are fused, genetic recombination can occur between the two 
genomes (Fig. 1.12, step 4). Each cell will undergo natural homologous recombination, 
and this is the reason why resulting cells are not considered to be genetically modified 
(Zhang et al. 2002). When the mixed population is allowed to regenerate (re-establish cell 
walls), approximately 10% of the regenerated cells will contain genetic information from 
both parents. Conditions for regeneration have been established for different types of 
microorganism, and Atsatt and Whiteside (2014) describe the conditions used for A. 
pullulans. The regenerated strains can then be screened (Fig. 1.12, step 5) for the desired 
phenotype. The genome shuffling process can then be repeated by starting at step 2 in 
Figure 1.12 to increase the phenotype potential.  
 
 
 
  
53 
 
Chapter II – Introduction 
Demand for food, especially protein, has been increasing as the global population 
increases (Steen 2014). It is estimated by the year 2050, the global human population will 
reach 9.7 billion (The World Bank 2017b). An important source of protein for a large 
percentage of the population is fish (Steen 2014) and is expected to continue and grow. In 
2013, fish accounted for ~17% of all animal proteins consumed on a global basis (FAO 
2016). 
With the increasing demand for fish and a limited supply of wild caught fish, a 
majority (~87%) of marine fish stocks are exploited, over-exploited, or depleted (FAO 
2014). Because of this, it has led to a rapid growth in aquaculture to fill in the gap 
between demand and the wild caught fish resources. The aquaculture industry worldwide 
has seen a 5.9% average annual growth rate from 2001-2015 (FAO 2015). Using 
aquaculture is also the most efficient at increasing animal protein product because of their 
higher feed conversion efficiency verses traditional livestock (Kaushik and Seiliez 2010). 
Fish conversion efficiency is 1:1 as compared to poultry at 2:1, swine at 4:1, and cattle at 
8:1 (National Research Council 2000; Brown et al. 2001; Steinfeld et al. 2006).  
With the rapid growth of aquaculture, it has sequentially increased the demand for 
fish meal, the primary protein source used in aquaculture diets (Olsen and Hasan 2012).  
Fish meal is made from the waste stream of fish processing (i.e. whole fish, fish remains, 
or other fish byproducs like bones, heads, tails, and other offals) and the harvest of small 
pelagic fish, specifically anchoveta species (FAO 2016). Traditionally, fish meal and 
other animal protein byproducts, like bone meal, flood meal, poultry meal, etc., have 
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been utilized in feed application with diets that need highly concentrated and digestible 
proteins (i.e. aquaculture, weaning diets, etc.) (Booth et al. 2001; Goebel 2010). 
With the over-harvest of marine species used to make fish meal, it has capped the 
annual global fish meal production. Fish meal production peaked back in 1994 with 30.2 
million tons and has dropped down to 15.8 million tons in 2014 due to reduced catches of 
anchoveta (FAO 2016). As aquaculture grows and with other competing uses of fish 
meal, this has caused prices to exceed $1,000/ton, adversely affecting profitability (The 
World Bank 2017a). Understandably, efforts to investigate alternative protein and energy 
sources to replace fish meal with a more sustainable and economical plant-based proteins 
are underway (Barnes et al. 2014).  
Some plant-based protein sources that have been investigated to replace fish meal 
include soybean meal (Barnes et al. 2014), soy protein concentrates (Stein et al. 2008), 
corn distiller’s grains (Boucher et al. 2009), and alternative oilseed meals (Allan and 
Booth 2004). Plant-based protein sources have their challenges, including anti-nutritional 
factors (i.e. indigestible fibers and oligosaccharides, trypsin inhibitors, glucosinolates, 
saponins, ect.), poor amino acid profiles, and/or low protein digestibility (Sindelar 2014). 
These limitations have caused the amount of plant-based proteins to replace fish meal to 
be less than 60% (Von Eschen 2014; Barnes et al. 2014).  
Another alternative protein source that has potential to be applied where highly 
digestible proteins are required are single cell proteins. Ideal organisms that can be used 
for the production of single cell proteins are fungi, as their biomass contains all the 
essential amino acids and can be produced from various industrial residual streams 
(Moore and Chiu 2001; Pandey et al. 1999). Using renewable and sustainable feedstocks 
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can provide an inexpensive production. Typically, fungal single cell proteins can have a 
protein content of 20-30% (Moore and Chiu 2001) and some species have known to reach 
50% dry matter of crude protein (Steen 2014). Many fungal species are generally 
recognized as safe (GRAS) in the food and food processing industry (Wang et al. 2005b). 
In 2011, Gibbons and Brown (2012) came up with an idea to replace fish meal by 
combining the use of filamentous fungi to metabolize the anti-nutritional factors in plant-
based proteins with the production of single cell proteins to create a highly digestible and 
high protein feed. Work on this idea has mainly been on enhancing soybean meal and 
corn distillers’ grains (Sindelar 2014; Von Eschen 2014). Soybean meal microbial 
process has successfully replaced 100% of fish meal in yellow perch diets. The product 
contains ~65% protein on a dry basis prior to diet formulation (Gibbons and Brown 
2012).  
One feedstock that could be improved by this technology is dried distillers’ grains 
with solubes (DDGS). DDGS is a byproduct of ethanol production from corn. Since 
1999, DDGS production has increased dramatically because of the ethanol industry boom 
(RFA 2017). In 2016, 25.4 million metric tons of DDGS was produced (RFA 2017). 
DDGS generally contains 28-31% protein and 19-24% crude fiber (U.S. Grains Council 
2012). Generally, corn co-products have a greater value in ruminant diets (i.e. beef and 
dairy cattle) than those of monogastric animals (i.e. swine and poultry) because the amino 
acid balance and corn protein is not as critical for ruminants. Also, ruminants can 
metabolize corn fiber, which serves as a good source of energy when DDGS is used in 
properly formulated diets (U.S. Grains Council 2012). Monogastric animals have a harder 
time utilizing DDGS because with its increased fiber, reduced fat content, and poor 
56 
 
amino acid balance, it results in lower energy values for swine and poultry. This causing 
a reduced economic value of DDGS for these species (U.S. Grains Council 2012). DDGS 
also has potential in aquaculture to be used as an alternative to fish meal as protein source 
in fish diets (Chevanan et al. 2009). However, the limit of DDGS in aquaculture is its 
large amount of indigestible, non-nutritive bulk of fibers; low amounts of primary 
minerals like calcium, chlorine, and potassium; and deficiency in amino acids which 
would need to be supplemented to meet the fish requirements (National Research Council 
1983; Hertrampf and Piedad-Pascual 2000). 
To increase the nutritional value of DDGS, the fungus of interest, Aureobasidium 
pullulans Y-2311-1, underwent genome shuffling to enhance its cellulase production to 
metabolize more fiber. This process combines breeding procedures with rapid screening 
to quickly improve microbial phenotypes by simultaneously changing genes positions 
throughout the entire genome without the need to know the genome sequence (Patnaik et 
al. 2002; Zhang et al. 2002; Petri and Schmidt-Dannert 2004).  Also, the creation of these 
shuffled strains are not considered genetically modified organisms, so they can be 
utilized in the food industry (Ahmed 2003). The genome shuffled results are provided in 
Chapter III. Then commercial enzyme saccharification and pretreatment methods were 
tested to found the best enzyme type, dosage, and pretreatment that enhanced the 
breakdown of the fiber fraction. The pretreatment methods included two mechanical 
comminutions, liquid hot water, dilute acid, and two dilute alkalis. These results are 
provided in Chapter VI. Based on this work, one commercial enzyme and one 
pretreatment were down-selected and used to evaluate the cellulase enhanced A. pullulans 
strains product composition. These results are provided in Chapter V.   
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Chapter III - Enhancing cellulase production in Aureobasidium pullulans by genome 
shuffling 
 
Abstract 
Cellulose is the most abundant renewable carbon source found in nature and is of 
great interest to various industries, including the food industry. Generally, 
microorganisms can be used to convert cellulosic materials into higher protein content, 
which can subsequently be used for animal feed. However, without the aid of cellulase, 
the cellulose structure is resistant to degradation. In this study, genome shuffling was 
used to improve cellulase production from Aureobasidium pullulans Y-2311-1. One 
strain developed via genome shuffling (A. pullulans GS23) displayed the largest increase 
in total cellulase activity, which was a 6-fold increase compared to the wild type strain. A. 
pullulans GS23 also had an increase in exoglucanase and β-glucosidase activity 
compared to the wild type strain (6.95-fold and 1.52-fold increase, respectively). The 
crude protein amount of A. pullulans GS23 had a 1.04-fold increase compared to the wild 
type strain after 5 days of fermentation. As A. pullulans GS23 has increased cellulase 
production compared to the wild type, this strain has the capability to develop improved 
protein-rich animal feed by decreasing the amount of commercial enzymes used in the 
fermentation process. 
3.1 Introduction 
Cellulose is the most abundant renewable carbon source found in nature. It has 
generated considerable interest from researchers interested in converting cellulosic 
materials into protein-rich cell biomass for animal feed to increase the initial protein 
concentration in lignocellulosic (LC) biomass (Jarvis 2003; Deshpande et al. 1992). 
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Cellulose is a β-1,4-linked glucose polymer with a physical and morphological structure 
that creates complex structures within higher plants, resulting in plant material that is 
difficult to degrade (Jarvis 2003; Clowes and Juniper 1968). Due to having a structure 
that is resistant to degradation, enzymes need to be used to cleave the bonds in a cellulose 
chain before it can effectively be utilized by microorganisms to convert fermentable 
sugars into protein. Three enzymes that can degrade crystalline cellulose into glucose are 
collectively called cellulases. They work together to hydrolyze LC biomass and are 
named: endoglucanase (endo-1, 4-β-D-glucanase, EC 3.2.1.4), exoglucanase (1,4-β-D-
glucancellobiohydrolase, EC 3.2.1.91), and β-glucosidase (β-D-glucoside 
glucanohydrolase, cellobiase, EC 3.2.1.21) (Hölker et al. 2004; Esterbauer et al. 1991). 
Endoglucanases randomly cleave internal bonds in a cellulose chain, while exoglucanases 
cleave the ends of the chains to release cellobiose. β-glucosidase is then activated when 
cellobiose is available and releases glucose monomer units (Kumar et al. 2008). These 
enzymes can be purchased commercially and added to the fermentation vessel, however, 
the major limiting factor of commercial cellulases is cost. Some strains of fungi and 
bacteria are known to metabolize complex cellulosic substrates by producing cellulase 
that can then convert fermented sugars into cell mass, increasing the protein level. The 
advantage of using fungal strains industrially to degrade cellulosic material is that fungal 
strains generally contain the complete set of cellulosic enzymes compared to bacteria, 
which do not. (Nasseri et al. 2011; Stockton et al. 1991). A fungal strain that has the 
ability to produce effective amounts of cellulase on its own could replace the need of 
adding commercial cellulases to the fermentation process. Therefore, it is important to 
improve the production of cellulase from microorganisms that naturally produce the 
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enzymes to make the production of increased protein levels in LC biomass economically 
feasible without the added cost of commercial enzymes (Adsul et al. 2007).  
 Our research group has previously used various strains of Aureobasidium 
pullulans to produce increased protein levels from several feedstocks (Gibbons and 
Brown 2012; Croat et al. 2016a; Croat et al. 2016b). A. pullulans is a pleomorphic fungus 
that can live in diverse habitats (Slepecky and Starmer 2009), and has the ability to 
respond to environmental signals by altering its morphology, physiological state, or 
behavior, which is termed “phenotypic plasticity” (West-Eberhard 1989). The 3 
morphological forms A. pullulans can differentiate into are: large chlamydospores, 
smaller elliptical yeast-like cells, and elongated branched septate filaments that can grow 
at low water activities (Chi et al. 2009; Zalar et al. 2008). The versatile properties of A. 
pullulans make it an ideal candidate to be cultivated on various cellulosic materials to 
create fermentable sugars. Cultures of A. pullulans that have shown promising 
cellulolytic activities (endoglucanase and exoglucanase) originate from tropical regions 
(Dennis and Buhagiar 1973; Leathers 1986; Deshpande et al. 1992; Kudanga and 
Mwenje 2005). Therefore, the strain chosen for this experiment was the tropical isolate A. 
pullulans Y-2311-1 (Wickerham and Kurtzman 1975). One trait that makes this strain 
industrially favorable is that it is known to secrete high levels of xylanolytic enzymes into 
culture media (Leathers 1986). Xylan is the major constituent of hemicellulose, which is 
the second most abundant renewable biomass after cellulose (Whistler and Richards 
1970; Ward et al. 1989). Wild type A. pullulans Y-2311-1 does produce cellulase, but at a 
low concentration (Christov and Prior 1996). Thus, the current challenge is to increase 
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the cellulase production of the microorganism, which would allow for more efficient 
cellulose utilization.  
 Improving industrially relevant phenotypes in microorganisms has proven to be 
difficult, largely due to complex biochemical networks and interactions with various 
pathways, even in simple prokaryotic cells. The knowledge of localization of enzymatic 
reactions, biochemical and regulatory networks, and the transport and fluxes of 
precursors, intermediates, and products are limited. This limited knowledge strongly 
impairs the adequate application of recombinant DNA techniques to improve microbial 
phenotypes (Petri and Schmidt-Dannert 2004). One way to overcome this deficiency is 
through the use of genome shuffling. This process combines breeding procedures with 
rapid screening to quickly improve microbial phenotypes by simultaneously changing 
genes positions throughout the entire genome without the need to know the genome 
sequence (Patnaik et al. 2002; Zhang et al. 2002; Petri and Schmidt-Dannert 2004).  Also, 
the creation of these shuffled strains are not considered genetically modified organisms, 
so they can be utilized in the food industry (Ahmed 2003). Genome shuffling has 
successfully been used on a variety of microorganisms to improve different applications, 
including: acid tolerance in Lactobacillus (Patnaik et al. 2002); degradation of 
pentachlorophenol by Sphingobium chlorophenolicum (Dai and Copley 2004); 
hydroxycitric acid production in Streptomyces (Hida et al. 2007); thermotolerance, 
ethanol tolerance, and ethanol production in Saccharomyces cerevisiae (Shi et al. 2009); 
pullulan production in Aureobasidium pullulans (Kang et al. 2011); and cellulase 
production in Trichoderma viride (Xu et al. 2012).  The aim of this study was to develop 
a shuffled strain of Aureobasidium pullulans Y-2311-1 via genome shuffling by 
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screening a library for an increased cellulase production phenotype. Developing an 
improved strain would alleviate the cost of using commercial cellulases in fermentations 
and potentially lead to an industrial cellulosic process that is economically feasible.    
3.2 Materials and Methods 
3.2.1 Microorganisms and Culture Materials  
 A. pullulans NRRL Y-2311-1 (known hereafter as A. pullulans) was provided by 
the USDA National Center for Agricultural Utilization Research (Peoria, IL, USA). It 
was cultured in 5% glucose yeast extract growth medium (GYE) [w/v, 5% glucose, 0.5% 
yeast extract] and maintained on potato extract agar (PDA) [w/v, 2.4% potato extract 
broth, 1.5% agar]. To develop mutants with increased cellulase production, A. pullulans 
was cultivated in carboxymethylcellulose broth (CMC broth) [w/v, 0.125% CaCl2, 
0.0625% (NH4)2SO4, 0.0625% yeast extract powder, 0.0625% asparagine, 1.25% 
carboxymethylcellulose, 0.125% KH2PO4] and mutants were selected on 
carboxymethylcellulose agar (CMC agar) [w/v, 0.5% carboxymethylcellulose, 0.1% 
NaNO3, 0.1% K2HPO4, 0.1% KCl, 0.05% MgSO4, 0.05% yeast extract, 0.1% glucose, 
1.7% agar].  
 The solid-state fermentation medium was prepared by a method adapted from Xu 
et al. (2012). Soybean hulls were used as the cellulosic substrate, acting as both a carbon 
source and inducer of cellulase production (Cen and Xia 1999). The medium was 
prepared in 250 mL Erlenmeyer flasks containing 6.25 g of soybean hulls, 0.03 g 
(NH4)2SO4 (nitrogen source), 6.25 ml of distilled water (dH2O), and pH adjusted to 5 with 
3.6 N H2SO4. The solid-state fermentation medium was autoclaved for 20 min at 121⁰C. 
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 The submerged-state fermentation medium was prepared using 2 mm ground corn 
bran. Corn bran was selected for the carbon source due to Saha et al. (1994) findings of 
its effectiveness to express β-glucosidase from another strain of A. pullulans. The 
medium was prepared in 250 mL Erlenmeyer flasks containing 5 g of corn bran, 95 mL 
of dH2O, and pH adjusted to 5 with 3.6 N H2SO4. The submerged-state fermentation 
medium was autoclaved for 20 min at 121⁰C. 
3.2.2 Mutagenesis 
Mutant populations of A. pullulans with potentially enhanced cellulolytic 
capabilities were developed from wild type A. pullulans. These developed strains were 
used as starting strains for the genome shuffling protocol. The mutants were considered 
improved when the cellulase content was significantly increased compared to the wild 
type strain as determined by a two-tail t-test (α = 0.05). The treatments used to develop 
these mutants were short wavelength ultraviolet (UV-C) radiation and methyl 
methanesulfonate (MMS) and are further described below. The mutagenic agents’ 
lethality was measured and the D-values were calculated from the survival curves. The 
D-value is the time required to kill 90% of exposed microorganisms to ensure damage 
has occurred, particularly to the DNA. This method has commonly been used in 
mutagenesis studies (Walton and Moseley 1981a, b; Kato et al. 1977). 
The ultraviolet (UV-C) treatment methodology was adapted from Kang et al. 
(2011). For this treatment, A. pullulans was grown in 100 mL CMC broth in a 250 mL 
Erlenmeyer flask for 3 d. Then, 5 mL of the culture was transferred to an aseptic Petri 
dish and exposed to UV-C irradiation with the lid removed for 40 minutes (D-value). The 
UV source was a Spectroline Fluorescence Analysis Cabinet CX-Series (Westbury, NY, 
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USA). It contained a rear and front UV lamp pointed toward the middle of the cabinet. 
The Petri dish was ~16 cm away from the UV lamps and visible light exposure was kept 
to a minimum when processing the sample after UV exposure. The reason for limiting 
visible light exposure was to decrease the chances of activating photoreactivating 
enzymes, which repair DNA damage and negate mutagenesis efforts (Jorgensen 1981).  
 The MMS treatment methodology was adapted from Lindegren et al. (1965) and 
Wu et al. (1995).  A. pullulans was grown in 100 mL CMC broth in a 250 mL 
Erlenmeyer flask for 2 d. Then, 5 mL of the culture was transferred to a sterile 15 mL 
conical and centrifuged at 4,000 rpm for 10 min at room temperature. The cells were then 
washed once with 5 mL of sterile dH2O and centrifuged at 4,000 rpm for 10 min at room 
temperature again. The washed cells were resuspended in 2 mL of 25 mM Tris-HCl 
buffer, pH 6. In a separate aseptic tube, 0.1 mL of cell suspension was added to 0.8 mL of 
0.1 M potassium phosphate buffer, pH 7. Then 0.1 mL of 20% glucose and 0.01 mL of 
MMS was added to the cell suspension and potassium phosphate buffer, pH 7 mixture. 
The tube was mixed and placed in a static incubator at 30⁰C for 35 min (D-value). After 
the mixture was taken out of the incubator, 5 mL of 6% sodium thiosulfate was added to 
inactivate the MMS. After 10 min of exposure to the sodium thiosulfate, the cells were 
centrifuged at 4,000 rpm for 10 min at room temperature. The 6% sodium thiosulfate 
treatment was repeated to completely inactivate the MMS before the resulting cell pellet 
was resuspended in 1.5 mL of 25 mM Tris-HCl buffer, pH 6.  
3.2.3 Genome Shuffling 
 The genome shuffling methodology was adapted from Hida et al. (2007) and 
Kang et al. (2011). The complete scheme of genome shuffling is presented in Fig 3.1, 
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including mutagenesis. An A. pullulans mutant strain selected from the UV treatment and 
MMS treatment were grown separately in 100 mL CMC broth in a 250 mL Erlenmeyer 
flask for 6 d. Then, 4 mL of the UV and MMS strains were harvested separately and 
centrifuged at 4,000 rpm for 10 min at room temperature. The pellets were washed twice 
with 1.5 mL of hypertonic solution I (0.5 M KCl, 25 mM Tris-HCl buffer pH 6) by 
centrifuging at 4,000 rpm for 10 min at room temperature. The washed pellets were then 
treated with 4 mL of lysozyme (10 mg/mL in hypertonic solution I) and put into a 35⁰C 
static incubator to allow the protoplast to form (protoplasts occur when the fungal cell 
wall is partially removed). Protoplasts were created to allow efficient genetic transfer 
between the UV and MMS strains. To check for protoplast formation, wet mounts were 
prepared with 0.1 mL sample and stained with methylene blue before being viewed under 
a Leica ATC 2000 compound light microscope (Leica, Buffalo, NY, USA). After the 
protoplast had formed for both UV and MMS strains, half of each UV and MMS 
protoplast strains’ cultures (2 mL) were mixed together in a 15 mL aseptic tube. The 4 
mL of mixed protoplasts were then manually fractionated into two 2 mL aliquots. One 
aliquot was transferred into an aseptic Petri dish and exposed to UV radiation for 40 
minutes (D-value) and the other aliquot was heat-treated in a static 60⁰C incubator for 44 
min (D-value) in an aseptic tube. The reason for the protoplast inactivation by two 
different methods before fusion was to prevent the formation of parental-type clones by 
hindering their ability to divide. However, to reactivate the protoplasts prior to fusion, 
inactivated protoplasts formed from a different treatment was needed (Vasil et al. 1984). 
Thus, the next step involved mixing both aliquots together and centrifuging at 4,000 rpm 
for 10 min at room temperature. The pellet was resuspended in 1 mL of hypertonic 
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solution II (0.5 M sucrose, 25 mM Trish-HCl buffer pH 6) and then treated with 9 mL of 
35% PEG 6000 and 0.1% CaCl2. The mixture was incubated for 40 min in a 35⁰C 
rotatory shaker at 100 rpm. The fused protoplasts were then centrifuged at 4,000 rpm for 
10 min at room temperature and washed twice with 1.5 mL of hypertonic solution II 
using the same centrifugation parameters as described above. The resulting cell pellet 
was resuspended in 1.5 mL of hypertonic solution II. This protoplast fusion technique 
leads to a stable recombinant with the combination of genetic traits of both parents (Leja 
et al. 2011). 
3.2.4 CMC Plate Assay Screening 
 Cultures subjected to UV treatment, MMS treatment, and genome shuffling were 
screened to determine the strains’ capability of cellulolytic degradation via cellulase 
activity by performing CMC plate assays with Gram’s iodine as adapted from Kasana et 
al. (2008). When each treatment was completed, the sample was serologically diluted in 1 
M phosphate buffer and spread evenly on CMC agar plates. The colonies were incubated 
on the CMC agar plates for 4 d at room temperature. Each colony was then transferred to 
2 new CMC agar plates (duplicates) by selecting a colony and stabbing it straight down 
into the agar with a sterile toothpick for each plate. Next, the colonies were spaced evenly 
on the plates (12 colonies per plate) and were incubated for 4 d at room temperature 
before performing a CMC plate assay with Gram’s iodine. One of the duplicated CMC 
agar plates was flooded with 50 % v/v of Gram’s iodine for 5 min and then rinsed with 
dH2O. The colonies with the largest clear zones (measured from edge of colony to edge 
of zone) were selected and taken from the duplicated plate with no Gram’s iodine for 
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enzyme assay analysis. As Gram’s iodine is toxic to microorganisms, the duplicate plates 
were necessary to maintain surviving mutants. 
3.2.5 Enzyme Assays  
 Crude enzymes of the wild type, mutant, and genome shuffled strains were 
prepared to detect cellulase as described by Latifian et al. (2007), with modifications. 
Three mL of a 4-day culture of each strain previously selected by the CMC plate assay, 
and wild type strain, were evenly pipetted onto the surface of the soybean hull medium in 
250 mL Erlenmeyer flasks. Soybean hulls were chosen to induce cellulase due to its rich 
cellulosic composition. Half of the soybean’s composition is cellulosic, including 
cellulose and hemicellulose (Brijwani et al. 2010). The flasks were incubated in a 30⁰C 
static incubator before adding 5-fold (62.5 mL) of sterile dH2O to the 12.5 g soybean 
hulls in the soybean hull medium. The mixture was then homogenized for 10 min with a 
VirTis VirTishear Model 225318 homogenizer with 115 voltages, 5 amps, and 50/60 
Hertz (Gardiner, NY, USA) set at 45 arbitrary units. The mixture was centrifuged twice 
at 5,000 x g for 10 min and the resulting supernatant was used as the source of crude 
enzymes.  
Filter paper units (FPU, representing total cellulase activity) was determined 
using the methods described by Ghose (1987) with modifications provided by Dr. Lu-
Kwang Ju (The University of  Akron) (personal correspondence). For each strain that 
exhibited potential cellulase enhancement in the CMC assay, 0.1 mL crude enzyme was 
added to 1.4 mL of 0.05 M sodium citrate buffer, pH 4.8. Dinitrosalicylic acid (DNS) was 
prepared by dissolving 10 g of DNS in 600 mL of dH2O. Then, 16 g of NaOH was 
gradually added and allowed to dissolve before slowly adding 300 g of Rochelle salt 
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(potassium sodium tartrate) over 20-30 min. After the solution was completely dissolved, 
it was diluted with dH2O to 1 L. The solution was covered with aluminum foil at all times 
to avoid light exposure due to its sensitivity to light. After 3 mL DNS solution was added 
to the samples and standards as described by Ghose (1987), both samples and standards 
were boiled for 10 min before being submerged in an ice bath for 1 min. The standards 
used were different glucose concentrations made with 0.05 M sodium citrate buffer (0, 
0.2, 0.4, 1, and 2 mg/mL). The amount of reducing sugar released (mg) was determined 
with a pre-established calibration of the glucose concentrations and the total cellulase 
activity was calculated using the following equation: 
Cellulase (FPU mL⁄ ) =  
glucose released (mg)
(60min)(0.1 mL enzyme sample)
 × 
1 mmol
180 mg
 × 
1000 μmol
1 𝑚𝑚𝑜𝑙
 
        = 0.925×glucose released (mg)   
 
CMCase (endoglucanase activity) and cellobiase (β-glucosidase activity) were 
also determined using the methodology described by Ghose (1987). The Amplex® Red 
Glucose/Glucose Oxidase Assay Kit (Molecular Probes Inc., Eugene, OR, USA) was 
used to quantitate β-glucosidase. Cellobiohydrolase (exoglucanase activity) was 
determined using the methodology described by Wood and Bhat (1988), using Avicel. 
Enzyme activities were measured in units (U) (U = conversion of 1 micromole of glucose 
from substrate per minute). Protein concentrations were quantitated using the PierceTM 
BCA Protein Assay Kit (Waltham, MA, USA) to calculate the enzyme activity per gram 
of LC biomass.    
3.2.6 Crude Protein Analysis 
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The wild type and best shuffled strain of A. pullulans were analyzed for their 
crude protein levels. Two mL of 4-day culture of both strains were used to inoculate the 
corn bran medium. Time points 0 h and 120 h (5 days) were sampled by collecting the 
entire contents into a 300 mL centrifuge bottle and centrifuging at 5000 rpm for 10 min. 
The supernatant was decanted and the solids were dried in a 80⁰C static incubator for 3 d. 
The dried samples were then homogenized in a Krups F20342 grinder (Millville, NJ, 
USA) before their crude protein levels were analyzed using a LECO model FP528 (St. 
Joseph, MI, USA). Samples weights of ~0.25 g were placed into foil packages and were 
then combusted in the LECO to measure the total nitrogen gas content in the sample. 
Protein percentage was then calculated from the nitrogen content of the sample using a 
conversion factor of 6.25. Samples were simultaneously assessed for dry weight by 
drying ~0.25 g of sample at 80°C for 24 h. 
3.2.7 Statistical Analysis 
 Cellulase activity and crude protein trials were completed in triplicates. Statistical 
significance and effect size evaluation were used to provide complementary information 
of practical significance. Using practical significance aids in the evaluation of whether 
the results will be applicable in industrial settings. The significance test indicates the 
likelihood that the observed effect is due to chance, while the effect size indicates the 
magnitude of the observed effects between variables (Maher et al. 2013). To determine 
significant differences between the wild type and mutant/shuffled strains, a two-tailed t-
test was performed using ‘t-Test: Two-Sample Assuming Unequal Variances’ (α = 0.05) 
in Microsoft® Excel Analysis ToolPak. Effect size value was determined using Hedges’ 
g, rather than Cohen’s d, which eliminates bias by putting weight on the pooled standard 
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deviation based on its small sample size (n = 3) (Hedges 1981). Hedges, however, still 
uses Cohen effect sizes classification which are: small (0.2), medium (0.5), and large 
(≥0.8) units of differing standard deviations between group means (Cohen 1969). The 
equation to find Hedges’ g is as follows; M = mean, SD = standard deviation, and n = 
sample size: 
 g =  
Mgroup1−Mgroup2
SD pooled
         
SD pooled = √
[(SDgroup1)
2
(ngroup1 − 1)] +  [(SDgroup2)
2
(ngroup2 − 1)]
(ngroup1 + ngroup2) − 2
 
 To determine significant differences among the developed strains, one-way 
analysis of variance (ANOVA) was performed using the R statistical power analysis 
program and packages ‘reshape2’ and ‘agricolae’ (R Core Team 2013; Wickham 2012; 
De Mendiburu 2014). Duncan’s new multiple range tests (MRT) were used for post hoc 
tests of significant difference between means (Freund et al. 2010). 
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Figure 3.1: The complete procedure of genome shuffling for improving cellulase 
production of A. pullulans. (UV = ultraviolet; MMS = methyl methanesulfonate; FPU = 
filter paper unit). The process includes 7 main steps (bolded squares). Mutagenesis 
includes 2 of the steps by creating mutant populations from UV and MMS treatments. 
Genome shuffling happens during the proceeding steps including protoplast production 
from both UV and MMS mutants, UV treatment, heat treatment, and protoplast fusion.  
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3.3 Results 
3.3.1 Mutagenesis Screening 
 The UV treatment in this study involved screening 198 A. pullulans mutants and 
the MMS treatment involved screening 84 mutants before producing one mutant strain 
with the desired phenotype of increased cellulase activity. The UV and MMS mutants 
were then tested for total cellulase activity (FPU) after being grown on the soybean hull 
medium in batch trials (t = 5 d) (Fig 3.2). The MMS mutant yielded statistically greater 
total cellulase activity than the wild type strain with effect size value g = 4.06, which 
showed substantial practical significance.  The UV mutant produced statistically similar 
total cellulase activity compared to the wild type strain, but did have a significant effect 
(g = 1.95).  
3.3.2 Genome Shuffling Screening 
After subjecting the two mutant strains to genome shuffling, 120 shuffled strains 
were screened, and from this screen 9 shuffled strains were selected based on the large 
clear zones in the CMC plate assay [zones at least 2 mm larger than the average clear 
zones from the wild type strain of ~ 6 mm (n = 21)]. After growing the 9 shuffled strains 
on the soybean hull medium and evaluating total cellulase activity, only 2 strains showed 
an increase in activity compared to the wild type strain. The shuffled strains, labeled GS 
(genome shuffled), were named for the number designated to them during screening, 
resulting in GS23 and GS29.  
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3.3.3 Mutagenesis and Genome Shuffling Analysis 
Figure 3.2 shows the total cellulase production (FPU) of UV/MMS mutant strains, 
shuffled strains, and the wild type strain during batch trials (t = 5 d). The MMS mutant 
yielded significantly more total cellulase activity (FPU) than all other strains evaluated, 
and had an effect size value of g = 4.06, which was a substantial practical significance 
compared to the wild type strain. GS23 yielded statistically similar total cellulase activity 
(FPU) as the UV mutant strain and GS29, but had a significant effect (g = 2.53) 
compared to the wild type strain. The UV mutant and GS29 had an effect size value of 
1.95 and 0.91 compared to the wild type strain, respectively. The 3 strains’ cellulase 
production, based on effect size values, resulted in GS23 having the largest difference in 
FPU, followed by the UV mutant and GS29 when compared to the wild type strain. The 
different values of the effect sizes observed in the 3 strains suggest they are not similar to 
each other and GS23 had high practical significance while the UV mutant and GS29 had 
modest practical significance compared to the wild type strain.    
3.3.4 Genome Shuffling Daily Analysis  
The most promising shuffled strains developed in this study (GS23 and GS29) 
and wild type strain’s total cellulase activity (FPU) were evaluated daily during batch 
trials (t = 7 d) while the UV and MMS mutant strains were only evaluated on day 5 of 
batch trials. Figure 3.3 shows that the total cellulase activity for GS23 was larger than the 
wild type strain from day 1 through day 5. GS23 yielded 2.4, 2.5, 3.76, 3.94, and 3.88 
FPU for days 1 through 5, respectively, and the wild type strain yielded 0.4, 1.12, 2.09, 
2.04, and 2.2 FPU on days 1 through 5, respectively. Table 3.1 (data obtained from same 
trials as Figure 3.3) shows that FPU activity for GS23 was statistically higher than the 
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wild type strain and had large effect size values through day 5 of the fermentation. The 
increased significance and large effect size values of GS23 compared to the wild type 
strain strongly suggest substantial practical significance during the first 5 days of 
fermentation. The largest effect size value observed for GS23 was g = 5.88 on day 1. This 
was a 6-fold increase (2.4 FPU) compared to the wild type strain (0.4 FPU) on day 1. 
GS29, on the other hand, produced significantly higher total cellulase activity than the 
wildtype strain on days 1 and 2, but contained large effect size values on days 1-5 (g = 
3.03 – 0.91), except day 3 which was small (g = 0.29). GS29 had high practical 
significance on days 1 and 2, but only a modest practical significance during days 4 and 5 
(p > 0.05, g = 1.02 and 0.91, respectively).  
3.3.5 Enzyme Assay Analysis 
GS23 was determined to be the most promising shuffled strain developed in this 
study, based on the substantial practical significance of FPU activity compared to the 
wild type strain. Once this was established, assays were used to determine endoglucanase 
(CMCase) activity, exoglucanase (cellobiohydrolase) activity, and β-glucosidase 
(cellobiase) activity compared to the wild type strain. Table 3.2 shows GS23 yielded 
significantly more exoglucanase than the wild type strain with an effect size of g = 3.74, 
showing high practical significance. Endoglucanase activity was statistically similar for 
GS23 and the wild type strain, and had a small effect size (g = 0.1), suggesting low 
practical significance. β-glucosidase activity was also statistically similar for GS23 and 
the wild type strain, but did have a medium effect size (g = 0.69), suggesting a moderate 
practical significance. 
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3.3.6 Crude Protein Analysis  
The crude protein content was also determined from the wild type strain and 
GS23 strain to determine if the genome shuffled strain created more total protein versus 
the wild type. Protein levels increased from 131.08 mg/g (mg of crude protein per gram 
of LC biomass dry weight) in corn bran to 141.25 and 146.93 mg/g after submerged state 
microbial conversion of the wild type strain and GS23 strain, respectively. This 
represents a relative improvement of ~7.76 % for the wild type strain and ~12 % for the 
GS23 strain. Table 3.3 shows GS23 produced significantly more crude protein along with 
its rate of change then the wild type strain with an effect size of g = 10.13, showing high 
practical significance. The crude protein content and crude protein rate of change of 
GS23 verses the wild type were a 1.04-fold increase and 1.49-fold increase, respectively.  
 
Figure 3.2: Total cellulase activity (FPU) produced in batch trials (t = 5 d). (g = gram of LC 
biomass dry weight, WT = wild type; UV = ultraviolet mutant; MMS = methyl methanesulfonate 
mutant; GS23 and GS29 = genome shuffled strains). Each data point represents the average of 
triplicate replications and the error bars represent the standard deviation. Different lower-case 
letters indicate a significant difference between strains determined by Duncan’s new multiple 
range test. 
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Figure 3.3: Total cellulase activity (FPU) evaluated daily during batch trials (t = 7 d). (g 
= gram of LC biomass dry weight, WT = wild type; GS23 and GS29 = genome shuffled 
strains). Each data point represents the average of triplicate replications and the error bars 
represent the standard deviation.   
  
Table 3.1: Total daily cellulase activity (FPU) of two fungal strains developed via 
genomic shuffling (GS23 and GS29) compared to the wild type strain.  
A. pullulans GS23 A. pullulans GS29 
Day p-Value  Effect Size (g) Day p-Value  Effect Size (g) 
1* 0.003 5.88 1* 0.009 3.03 
2* 0.06 1.7 2* 0.04 1.94 
3* 0.03 3.68 3 0.68 0.29 
4* 0.01 3.68 4 0.21 1.02 
5* 0.03 2.53 5 0.3 0.91 
6 0.88 0.1 6 0.8 -0.17 
7 0.43 0.6 7 0.83 0.15 
FPU evaluated by significant difference and effect size values. The p-values were found 
using a two-tailed t-test and the effect sizes were found by calculating Hodges’ g. 
Asterisks (*) denote which days the shuffled strains experienced high practical 
significance (p < 0.05 and g ≥ 0.8) compared to the wild type strain.   
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Table 3.2: Cellulase activities of wild type (WT) and shuffled strain (GS23) of A. 
pullulans produced in batch trials (t = 5 d).  
Strain CMCase 
(U/g)a 
Cellobiohydrolase 
(U/g)a 
 
Cellobiase 
(U/g)a 
FPU 
(U/g)a 
A. pullulans WT 3.15 ± 0.93 3.75 ± 1.35 0.44 ± 0.06 2.20 ± 0.26 
A. pullulans GS23 
 
3.24 ± 0.25 26.06 ± 6.59* 0.67 ± 0.38 3.88 ± 0.70* 
a Expressed in units per gram of LC biomass dry weight. The data represents triplicate 
replications given as the mean ± standard deviation. Asterisks (*) denote which activity 
experienced high practical significance (p < 0.05 and g ≥ 0.8) compared to the wild type 
strain. 
 
Table 3.3: Crude protein comparison of wild type (WT) and shuffled strain (GS23) of A. 
pullulans produced in batch trials (t = 5 d).  
Strain Crude Protein 
(mg/g)a 
Crude Protein Rate of Change 
(mg/g/d)b 
A. pullulans WT 141.25 ± 0.31 2.31 ± 0.06 
A. pullulans GS23 146.93 ± 0.32* 3.45 ± 0.06* 
a Expressed in mg of crude protein per gram of LC biomass dry weight. b Expressed in 
mg of crude protein per gram of LC biomass dry weight per day of fermentation. The 
data represents triplicate replications given as the mean ± standard deviation. Asterisks 
(*) denote which experienced high practical significance (p < 0.05 and g ≥ 0.8) compared 
to the wild type strain.  
 
3.4 Discussion 
The objective of this study was to develop a strain of A. pullulans with increased 
cellulase production via genome shuffling. The relatively short time period needed to 
develop the UV/MMS mutants and shuffled strains makes genome shuffling an ideal 
technique for industrial applications due to its ability to accelerate the creation of a final 
optimized product, while adhering to strict time constrains usually experienced in 
industry (Petri and Schmidt-Dannert 2004). Due to the structural complexity of cellulase 
composition, biochemical characteristics, and enzymatic effects; cellulase enzyme 
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activities can create inconsistency (Shuangqi et al. 2011). These factors lead to the 
increased probability of random error being involved in experimentation due to the 
complexity of cellulase, which creates difficulty in accurately quantifying the results. 
Triplicate trials of each strain were analyzed on the same day and larger trial numbers 
were not conducted because the chance of detecting a significant difference was not 
guaranteed due to the inconsistency in enzymatic activities. Also, by increasing the 
sample size to a certain undefined point, significant differences can be found even when 
the difference is very small because it is increasing the chance of finding a difference 
(Lin et al. 2013). Thus, effect size was determined in this study to give weight based on 
how large of a difference occurred between the group means.  
The two most promising shuffled strains developed in this study underwent a 2nd 
round of genome shuffling using the procedure described above in an attempt to further 
enhance the cellulase activity of the microorganisms. After screening 564 mutants, no 
strains were developed with the desired phenotype of statistically increased total cellulase 
activity. This suggests that the 1st round of genome shuffling increased the cellulase 
activity of A. pullulans to the point that genome shuffling could no longer be used to 
improve activity from the mutants and shuffled strains initially selected. The CMC assay 
was capable of rapidly screening multiple colonies, however the total cellulase assay was 
needed in order to statistically determine if mutants were indeed developed with 
increased cellulase activity. Many of the colonies screened on the CMC assay that had 
promising results had no increase in total cellulase activity compared to the wild type 
strain. Potentially, this could have been caused if the developed mutants/shuffled strains 
had unstable genetic changes and subsequently lost the genetic change that led to the 
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phenotype of interest in the CMC assay. Thus, it is essential to perform the total cellulase 
assay before proceeding to the genome shuffling procedure. This ensures that the UV and 
MMS mutants are genetically stable.  
The wild type and mutant/shuffled strains were initially grown in pure cellulolytic 
medium before performing enzyme assays in an attempt to eliminate the extra steps of 
cultivating and processing the crude enzymes from soybean hulls. Fungi have the ability 
to produce cellulase when cellulose is present in a substrate (Mandels and Reese 1957). 
However, when the strains were grown in a cellulose substrate, the data resulted in no 
changes between the wild type and mutant/shuffled strains, creating conflicting results 
initially found in the CMC plate assays. The reason for this is cellulose by itself is not 
able to trigger the induction of enzymes in strains because of its insolubility. The use of 
plant materials is necessary to induce the strains’ cellulase enzymes. One proposed 
reason is fungus produces basal levels of cellulase when it uses plant materials as its main 
carbon source. When these extracellular enzymes are activated on cellulose, they produce 
a soluble inducer that can then enter the cell and activate the induction (El-Gogary et al. 
1989; Carle-Urioste et al. 1997). 
 For the evaluation of the daily total cellulase activity of the shuffled strains and 
wild type strains during batch trials (t = 7 d), it was determined that GS23 had substantial 
practical significance throughout day 5 of the batch trial compared to the wild type. This 
is ideal as fermentation trials with A. pullulans are commonly within this timeframe 
(Croat et al. 2016b). GS23 (2.4 FPU) also had a 6-fold increase in FPU activity compared 
to the wild type strain (0.4 FPU) on day 1 of the trials. The ability of GS23 to release 
more glucose early in the fermentation via cellulolytic degradation allows the strain to 
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utilize these extra sugars to increase the protein content, which could then be used to 
enhance animal feed. GS23 was cultured for three generations were the glucose released 
was measured by the filter paper method (total cellulase activity) on day 5. All 
generations showed similar glucose levels, suggesting GS23 is genetically stable.  
 The most promising shuffled strain developed in this study (GS23) was further 
analyzed to determine endoglucanase, exoglucanase, and β-glucosidase activity. An 
accurate quantification of each enzyme produced is important because it shows which 
specific enzymes the strain uses to breakdown cellulose. GS23 exhibited low practical 
significance with endoglucanase activity (p = 0.93, g = 0.1), but had a substantial 
practical significance with exoglucanase (p = 0.03, g = 3.74) when compared to the wild 
type strain and was determined to be effective at releasing cellobiose due to is large 
exoglucanase activity. β-glucosidase production in GS23 yielded a moderate practical 
significance compared to the wild type due to its medium effect size (g = 0.69). These 
findings allowed us to conclude that GS23 is a preferred cellulolytic strain due to its 
increased ability to release cellobiose due to exoglucanase activity (6.95-fold increase 
compared to the wild type strain). Also, the release of cellobiose activates β-glucosidase 
activity to release more glucose into the growth medium than the wild type strain. GS23 
had a 1.52-fold activity increase in β-glucosidase activity compared to the wild type 
strain. 
 The crude protein was assessed to determine if GS23 could produce higher total 
protein levels then the wild type. The corn bran fermented with wild type strain and GS23 
strain were analyzed on day 5 for increased protein levels since this is the time frame of 
growing this organism for increased protein production (Croat et al. 2016b) and was the 
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last day it showed significant difference. Visual differences could be seen between the 
wild type and GS23 strains when it was grown on submerged-state of corn bran. After 
day 5, the wild type strain turned the media a murky, dark brown color while the GS23 
strain was a light tan. After both strains were centrifuged, the collection of cells could be 
seen on top of the corn bran. The wild type strain pigmentation was dark brown and grey 
while the GS23 strain pigmentation was a light pink. GS23 had high practical 
significance for the crude protein content and crude protein rate of change than the wild 
type strain (p = 0.003, g = 10.13). High levels of protein production with GS23 could be 
attributed to the strains’ ability to degrade more cellulose, adding more glucose into the 
medium that could be fermented into a higher concentration of protein.  
The whole genome of A. pullulans has not been sequenced and the strain Y-2311-
1 has only been sequenced for some genes, but not cellulase (Li and Ljungdahl 1994; 
Manitchotpisit et al. 2009). Therefore, being able to identify the genetic changes in the 
shuffled strain GS23 would be of great interest. But identifying the specific gene or genes 
responsible for the phenotypic changes in GS23 through sequencing is very challenging 
and does not always lead to the decisive conclusion. A. pullulans has been characterized 
to have extreme variability and genetic instability because of their high heterokaryotic 
condition. The mitotic gene exchange process has been known to happen in 
heterokaryotic fungi and possibly contribute to the morphological and physiological 
variation found in the fungi (Li et al. 2015). It was found from Chi et al. (2012) that when 
strains of A. pullulans were isolated from different environments, the similar functional 
gene cloned from one strain of A. pullulans had to be recloned when working with 
another strain. Also, due to the fact that genome shuffling is the result of random 
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mutations, the phenotypic changes could be epigenetic or multigenic. Thus by 
sequencing, it would be inconclusive in determining the specific gene or genes 
responsible for the phenotypic changes and is not recommended for the shuffled strain 
created in this study.    
3.5 Conclusions 
This study serves as proof-of-concept that genome shuffling can be used to 
develop A. pullulans strains with increased cellulase production. One of the shuffled 
strains developed in this study (GS23) may have potential as an industrial microorganism 
in a cellulolytic process. Future studies include evaluating GS23’s performance on 
various feedstocks and animal feeding trials to evaluate the animal’s performance from 
feed produced by GS23. The total cellulase amounts produced by GS23 had substantial 
practical significance compared to the wild type during batch trials. Specifically, 
exoglucanase and β-glucosidase activities had increased practical significance. The 
improved cellulolytic strain showed its potential to increase protein levels in LC biomass 
with its substantial practical significance of crude protein compared to the wild type 
strain. This capability could lead to the development of improved protein-rich animal 
feed by decreasing the amount of commercial enzymes used in the fermentation process. 
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Chapter IV - Enzyme saccharification of various pretreated dried distillers’ grains 
with solubles 
 
Abstract 
Dried distillers’ grains with solubles (DDGS) is a popular animal feed that is 
mainly fed to ruminant livestock (i.e. cattle). However, because of its high fiber content, 
DDGS is limited in monogastric livestock (i.e. swine and poultry) and aquaculture diets. 
This causes low inclusion rates and reduced economic value of DDGS for these species. 
But there is possibility of breaking down the fibers using commercial enzymes. But the 
high cost associated with the use of commercial enzymes is a challenge with the 
industrial application of enzymes in feed application. Pretreatment (physical, chemical, 
and/or biological) of high fiber containing feedstocks and or lignocellulosic feedstocks 
prior to enzymatic saccharification can improve the overall fiber digestibility. Therefore, 
range of commercial enzymes were tested in this study. It was found the commercial 
enzyme that performed well at low enzyme dosages was Viscozyme L. When this was 
incorporated with the pretreated DDGS, the dilute acid with 1 mg/g of Viscozyme L had 
an increase of ~280% when compared to untreated DDGS with a Viscozyme L dosage of 
2 mg/g.  
4.1 Introduction 
Dried distillers’ grains with solubles (DDGS) is the major co-product of ethanol 
manufacture from corn. In 2016, 25.4 million metric tons of DDGS were produced from 
ethanol plants (RFA 2017). DDGS is sold as feed, mainly to ruminant livestock (i.e. 
cattle). Ruminants are able to metabolize the fiber, which can serve as a good source of 
energy when properly formulated in the animals’ diet (U.S. Grains Council 2012). 
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However, because of the high fiber content, DDGS is limited in monogastric livestock 
(i.e. swine and poultry) and aquaculture diets. With the low inclusion rates of DDGS in 
these diets, it causes a reduced economic value of DDGS for these species (U.S. Grains 
Council 2012). To overcome the high fiber content, DDGS can be broken down further 
by saccharifying the carbohydrates with commercial enzymes and pretreating the 
biomass.  
Using enzyme saccharification is environmentally-friendly and can achieve high 
sugar yields in lignocellulose biomass (lignin, hemicellulose, and cellulose), which is 
favorable in industry settings. However, enzymes can have high costs and is a significant 
barrier in producing an economical lignocellulose biomass product (Fang et al. 2009). 
One way to overcome the high cost of enzymes is by lowering the enzyme loading rates 
or dosages. By determining the lowest enzyme dosage that still significantly releases 
monosaccharides, can help lower enzyme costs.  
Pretreatment is used to improve the digestibility of lignocellulose to disorder the 
highly-ordered plant cell wall structure by breaking the lignin seal, partially remove the 
hemicellulose, and/or disrupt the cellulose structure. After a pretreatment, the cellulose 
and hemicellulose fibers are more accessible to enzymes. Pretreatments should ideally 
use minimal amounts of energy, chemicals, and/or enzymes to limit the cost of the 
pretreatment process (Mosier et al. 2005b). Mechanical comminution reduces the particle 
size and crystallinity by chipping, grinding, and milling to increase the surface area and 
reduce the degree of polymerization (Tassinari et al. 1980). Milling alters the 
ultrastructure of lignocellulose and degree of crystallinity, causing cellulose to be more 
readily accessed and hydrolyzed by cellulase (Mais et al. 2002). Liquid hot water (LHW) 
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pretreatment is where the lignocellulosic biomass is saturated in water before it is heat 
treated under pressure to ensure the water stays in the liquid state and dissolves the 
hemicellulose fraction of the biomass into soluble oligosaccharides. Dilute acid 
pretreatment is where lignocellulose biomass is saturated with 0.2-2.5% w/w of acid and 
heat treated (Sarkar et al. 2012). The acid will usually hydrolyze hemicellulose before 
cellulose because it is easier to hydrolyze (Cardona et al. 2010). With the removal of 
hemicellulose, cellulose digestibility is enhanced due to greater enzyme accessibility 
(Brownell and Saddler 1984; Converse and Grethlein 1985; Grous et al. 1986; Knappert 
et al. 1981). Dilute alkali pretreatment can be performed using low alkali concentration 
(i.e 0.5-4%) and high temperatures (Cheng et al. 2008; Mirahmadi et al. 2010). This 
pretreatment will disrupt the lignin and xylan cross-linking ester bonds, increasing the 
porosity of the lignocellulose biomass (Tarkow and Feist 1969). This results in enriched 
fractions of cellulose and hemicellulose (Sun and Cheng 2002). 
The purpose of this study was to analyze the production of monosaccharides from 
pretreated DDGS using various commercial enzyme preparations and dosages. This was 
determined to find what enzyme and pretreatment could perform well at a low dosage. 
DDGS was first tested with different commercial enzymes to determine the best enzyme 
and the lowest dosage needed to achieve high amounts of monosaccharides. Once the 
enzyme and dosage were established, DDGS was pretreated by various physical and 
chemical treatments before enzyme saccharification various dosages (lower dosages than 
the untreated DDGS). 
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4.2 Materials and Methods 
4.2.1 Enzymes 
The enzymes, Ctec2 and Htec2 (Cellulase, enzyme blends; Novozymes), 
Ronozyme VP (multienzyme complex, carbohydrase; DSM), Superzyme L (multienzyme 
complex, carbohydrase; Canadian Biosystems Inc.) and Viscozyme L (hemicellulase, 
arabinase, cellulase, β-glucanase, xylanase; Novozymes) were used for enzymatic 
saccharification of DDGS. The enzymes were loaded based on mg protein/dry gram of 
biomass basis. Therefore, total protein content in the enzymes (mg protein/ml or mg 
protein/g for Ronozyme VP) were determined using the BCA protein assay (Pierce BCA 
Protein Assay Kit, cat# 23225; ThermoFisher Scientific). The protein content of the 
enzymes as determined for Ctec2, Ronozyme VP, Superzyme L, and Viscozyme L 
respectively, were 290 ± 3.2 (mg/ml), 7.2 ± 0.08 (mg/g), 80.12 ± 1.11 (mg/ml), and 130 ± 
2.97 (mg/ml). Enzyme Htec2 was supplemented with Ctec2 at the ratio of 9:1 for 
Ctec2:Htec2 (recommended dosage by Novozymes). 
4.2.2 Enzymatic Saccharification of Untreated DDGS  
Enzymatic hydrolysis was performed in a 250 ml Erlenmeyer flask using DDGS 
at 10% solid loading rate (SLR) on dry basis (DM) in a 100 ml sodium acetate buffer (pH 
4.8) in distilled water. To prevent from the possible contamination during 
saccharification period, each flask was supplemented with 500 µl of 500 ppm biotrol. 
Enzymes were added individually at dosage of 2, 4, and 6 mg protein/ dry gram of 
DDGS. The enzymes were added to the slurries and put into a shaker incubator set at 
50⁰C (enzyme optimal temperature) and 200 rpm. Samples (5 ml) were taken after 4 and 
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24 hr of saccharification and immediately stored in freezer until processed for the sugar 
analysis using HPLC. Details of the sample processing are listed in a later section. 
4.2.3 Pretreatments 
DDGS sample were sent to the USDA laboratory at Peoria (IL) for conducting 
pretreatments prior to enzymatic saccharification. Hot water cook, dilute acid, and alkali 
pretreatments (1 and 4% ammonium hydroxide) were conducted using a stainless steel 
steam jacketed reactor tube in 8-10 l batch-wise increments on homogenized, 15% w/w 
(DM) slurries at 160 °C for 20 min. For the dilute acid pretreatment, 0.5% w/w sulfuric 
acid was used while for the alkali pretreatment, 30% ammonium hydroxide was used at 
the concentration of 1 and 4% (w/w) basis. Similarly, Kady mill pretreatment was carried 
out using a 12 L jacketed vessel and 4” diameter homogenizing head (Model # OOPS-
10). The mill was operated at 8000 rpm at 160˚C and 70 psi pressure. The mill was 
operated at two different conditions, 1) 8000 rpm at 100˚C and atmospheric pressure and 
it was called “Kady mill”; 2) DDGS slurry was homogenized at 160˚C and 70 psi 
pressure, which was called “treated Kady mill”. After pretreatments, slurries were frozen 
and stored until use. 
4.2.4 Enzymatic Saccharification of the Pretreated DDGS 
Enzymatic saccharification of pretreated DDGS samples were conducted 
according to the method as described in the section above. Based on the preliminary 
results as obtained on the untreated DDGS samples, Viscozyme L was chosen for the 
further study. To optimize the enzyme dosage for each pretreatment, Viscozyme L were 
added at the 5 different levels of enzyme dosages (0, 0.125, 0.25, 0.5, 0.75, and 1 mg 
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protein/dry gram of pretreated samples). Samples were drawn at 0, 4, and 24 hr of 
saccharification to determine the sugar yields.  
4.2.5 Sugar Analysis 
An HPLC was used to measure the sugars released from the enzymes. The 
samples were boiled for 15 min to inactivate the enzyme. Samples were then centrifuged 
at 4,000 rpm for 10 min before the supernatant was poured into new centrifuge tubes and 
frozen overnight. The supernatant was thawed to be re-centrifuged again at 4,000 rpm for 
10 min to remove any precipitants. Then the supernatant was poured into a 2 ml 
microcentrifuge tube and allowed to freeze overnight. The final supernatant was thawed 
before it was filter through a 0.2 μm filter and into a HPLC vial and frozen until analysis. 
A high performance liquid chromatography system (Agilent Technologies, Santa Calara, 
CA, USA) equipped with refractive index detector (Model G1362A) was used to measure 
the sugars. The sugars were eluted using a 50 Mm sulfuric acid (de-ionized water) as the 
mobile phase at a flow rate of 0.6 ml/min and a column temperature of 65⁰C using an 
Aminex HPX-87H (300 x 7.8 mm) organic acid column (Bio-Rad Laboratories, Hercules, 
CA). The sugars quantified included glucose, cellobiose, galactose, xylose, mannose, and 
arabinose.  
4.2.6 Statistical Analysis 
The enzyme saccharification of untreated and pretreated trials were completed in 
triplicates. Statistical significance and effect size evaluation were used to provide 
complementary information of practical significance. Using practical significance aids in 
the evaluation of whether the results will be applicable in industrial settings. The 
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significance test indicates the likelihood that the observed effect is due to chance, while 
the effect size indicates the magnitude of the observed effects between variables (Maher 
et al. 2013).  Effect size value was determined using Hedges’ g, rather than Cohen’s d, 
which eliminates bias by putting weight on the pooled standard deviation based on its 
small sample size (n = 3) (Hedges 1981). Hedges, however, still uses Cohen effect sizes 
classification which are: small (0.2), medium (0.5), and large (≥0.8) units of differing 
standard deviations between group means (Cohen 1969). The equation to find Hedges’ g 
is as follows; M = mean, SD = standard deviation, and n = sample size: 
 g =  
Mgroup1−Mgroup2
SD pooled
         
SD pooled = √
[(SDgroup1)
2
(ngroup1 − 1)] +  [(SDgroup2)
2
(ngroup2 − 1)]
(ngroup1 + ngroup2) − 2
 
Significant difference was found in the sugars by one-way analysis of variance 
(ANOVA) by using a R statistical power analysis program and package ‘agricolae’ (R 
Core Team 2013; De Mendiburu 2014). Tukey’s honestly significant difference (HSD) 
was used for post hoc tests of significant difference between means (Freund et al. 2010).  
4.3 Results 
Four commercial enzymes were saccharified with 10% SLR DDGS (Figure 4.1). 
These trials were meant to down-select the enzyme that performed the best at low 
enzyme loading. The total sugars represent all the sugars quantified: glucose, cellobiose, 
galactose, xylose, mannose, and arabinose. Ronozyme VP did the best out of all the 
enzymes across all enzyme dosages and time. The next enzyme that performed well was 
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Superzyme L and Viscozyme L. Superzyme L at 4 hr had an effect size value of g = 2.10 
when comparing 2 and 6 mg/g dosage. So Superzyme L had a high practical significance 
at 6 mg/g but was not effective with a lower enzyme dosage. Viscozyme L at 4 hr had an 
effect size value of g = 0.71 when comparing 2 and 6 mg/g dosage. So Viscozyme L had 
a medium practical significance at 2 mg/g, so having a low enzyme dosage was effective.  
Superzyme L and Viscozyme L at 4 hr were compared at 2 mg/g dosage and had 
an effect size value of g = 0.84. Viscozyme L had high practical significance versus 
Superzyme L at a lower dosage. Next, Viscozyme L at 2 mg/g hours was compared 
between 4 hr and 24 hr with 8.65 ± 0.36 mg/ml and 10.29 ± 0.18 mg/ml, respectively. 
The carbohydrate concentration increased ~ 1.64 mg/ml by allowing the enzyme to 
hydrolyze an extra 20 hr.  
 
Figure 4.1: Various enzyme saccharification on untreated DDGS. The control represents 
the pretreated DDGS without enzymes. Each data point represents the average of 
triplicate replications and the error bars represent the standard deviation. 
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Total sugars of pretreated DDGS showed not significant change between 4 hr and 
24 hr. So, when sugars of pretreated DDGS are discussed, it is represented by hour 4. In 
Figure 4.2, each of the pretreatments had higher carbohydrate concentration through all 
Viscozyme L dosages versus the pretreated samples without enzymes. But the 
pretreatment that performed the best was 0.5% sulfuric acid, followed by liquid hot 
water, treated Kady mill, Kady mill, 4% ammonium hydroxide, and 1% ammonium 
hydroxide (Table 4.1). The two alkali pretreatments did not perform well, especially 
when comparing 0.5% sulfuric acid without enzymes was ~ 1 mg/ml less then when the 
two alkali pretreatments had high enzyme dosages (0.75 and 1 mg/g).  
As seen in Table 4.1, all the Viscozyme L dosages of 0.5% sulfuric acid total 
sugars were significantly different from the other pretreatments, but not between the 
different dosages. To determine the best dosage, glucose was compared from all 
pretreated DDGS and 0.5% sulfuric acid at 1 mg/g of Viscozyme L was significantly 
higher than all the other pretreatments.  
A 
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Figure 4.2: Pretreated DDGS total sugar amounts with Viscozyme L A) Kady mill, B) 
treated Kady mill, C) 0.5% sulfuric acid, D) liquid hot water, E) 4% ammonium 
hydroxide, F) 1% ammonium hydroxide. The control represents the pretreated DDGS 
without enzymes. Each data point represents the average of triplicate replications and the 
error bars represent the standard deviation. 
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Table 4.1: Carbohydrate concentration (mg/ml) of pretreated DDGS with Viscozyme L (mg/g). 
The data represents triplicate replications given as the mean ± standard deviation. Different 
lower-case letters indicate a significant difference between strains determined by Tukey’s 
honestly significant difference test. 
 
Glucose Cellobiose Galactose/ 
Xylose/ 
Mannose 
Arabinose Total Sugars 
Kady Mill 
0 1.87 ± 0.16nop 2.45 ± 3.47 2.55 ± 0.22 0.72 ± 0.05 7.60 ± 3.04lm 
0.125 6.88 ± 0.06hijk 7.51 ± 2.37 3.7 ± 1.06 1.18 ± 0.34 19.27 ± 3.81cdefgh 
0.25 11.93 ± 0.85cdef 6.7 ± 1.14 3.22 ± 0.46 1.03 ± 0.15 22.88 ± 2.45cdef 
0.5 12.11 ± 1.87cdef 4.29 ± 0.65 2.16 ± 0.27 0.74 ± 0.11 18.58 ± 1.03defghi 
0.75 12.05 ± 0.42cdef 4.53 ± 0.19 2.69 ± 0.06 0.84 ± 0.21 18.54 ± 2.78defghi 
1 13.39 ± 1.2bcd 2.22 ± 0.11 1.01 ± 0.88 0.46 ± 0.02 17.08 ± 0.56efghij 
Treated Kady Mill 
0 1.32 ± 0.9p 3.4 ± 0.9 2.59 ± 0.68 2.08 ± 0.55 9.38 ± 2.45klm 
0.125 6.48 ± 0.54ijkl 4.11 ± 0.23 3.08 ± 0.26 2.26 ± 0.21 15.93 ± 1.21ghijk 
0.25 8.55 ± 0.29fghi 4.01 ± 0.18 3.06 ± 0.08 2.22 ± 0.08 17.84 ± 0.06defghij 
0.5 12.25 ± 0.78cdef 5.08 ± 0.33 3.64 ± 0.16 2.58 ± 0.11 23.55 ± 1.39cdef 
0.75 13.64 ± 0.49bcde 4.8 ± 0.21 3.42 ± 0.08 2.46 ± 0.06 24.32 ± 0.84bcde 
1 14.2 ± 0.18bc 6.34 ± 1.14 0 3.04 ± 0.29 23.58 ± 1.26bcdef 
0.5% Sulfuric Acid 
0 4.58 ± 0.17jklmno 0 9.52 ± 0.87 1.18 ± 1.66 15.28 ± 2.37ghijk 
0.125 13.08 ± 0.56bcde 0 11.76 ± 0.59 10.58 ± 0.38 35.42 ± 1.31a 
0.25 12.59 ± 0.41defg 0 13.69 ± 2.48 12.24 ± 2.11 38.52 ± 4.18a 
0.5 12.38 ± 0.38cdef 0 10.04 ± 0.42 8.99 ± 0.34 31.4 ± 1.13ab 
0.75 12.04 ± 0.61cdef 0 8.4 ± 1.36 5.33 ± 2.82 25.77 ± 1.39bc 
1 17.4 ± 1.12a 0 8.43 ± 1.22 7.39 ± 1.22 33.22 ± 3.32a 
Liquid Hot Water 
0 1.31 ± 0.19p 4.88 ± 0.31 5.71 ± 0.29 0 11.78 ± 0.64jklm 
0.125 9.18 ± 2.0fghi 6.39 ± 1.59 6.52 ± 1.5 2.47 ± 2.28 24.57 ± 4.03bcd 
0.25 6.63 ± 0.82hijkl 7.84 ± 1.14 0 4.26 ± 0.53 18.73 ± 2.49defgh 
0.5 7.67 ± 0.26ghij 7.32 ± 1.7 0 3.66 ± 0.81 16.82 ± 3.55defghi 
0.75 9.86 ± 0.04efgh 6.01 ± 0.89 0 3.24 ± 0.34 19.1 ± 1.25cdefgh 
1 15.88 ± 1.09ab 5.35 ± 1.11 0 1.15 ± 2.0 22.38 ± 3.34cdefg 
4% Ammonium Hydroxide 
0 2.42 ± 0.12mnop 0 2.68 ± 0.49 0.54 0.22 5.63 ± 0.51m 
0.125 3.69 ± 0.22klmnop 0 2.78 ± 0.49 1.29 ± 0.22 7.76 ± 0.92lm 
0.25 5.33 ± 0.77jklmn 0 3.72 ± 0.64 1.66 ± 0.24 10.7 ± 1.28jklm 
0.5 5.65 ± 0.04jklm 0 3.24 ± 5.61 1.65 ± 0.75 7.34 ± 1.1lm 
0.75 10.26 ± 0.22defg 0 4.14 ± 0.67 2.21 ± 0.11 16.61 ± 0.81fghij 
1 11.24 ± 0.93cdef 0 3.05 ± 0.68 1.87 ± 0.35 16.15 ± 0.1fghij 
1% Ammonium Hydroxide 
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0 1.58 ± 0.06op 0 2.88 ± 0.02 0.86 ± 0.11 5.32 ± 0.05m 
0.125 2.69 ± 0.14mnop 0 3.17 ± 0.04 1.1 ± 0.19 6.97 ± 0.17m 
0.25 3.49 ± 0.14lmnop 0 3.47 ± 0.21 2.41 ± 0.1 9.37 ± 0.26klm 
0.5 5.46 ± 0.42jklmn 0 3.77 ± 2.21 2.36 ± 0.82 11.59 ± 2.72ijklm 
0.75 10.26 ± 0.61defg 0 3.62 ± 0.04 2.31 ± 1.51 16.2 ± 1.11fghij 
1 9.17 ± 0.75fghi 0 2.78 ± 1.2 2.04 ± 0.29 14 ± 2.04hijkl 
 
4.4 Discussion 
This experiment was a two-step process where commercial enzymes were tested 
on untreated DDGS to down select the enzyme that performed well at low dosages. Then 
the DDGS was treated by various physical and/or chemical pretreatments and tested with 
the best enzyme with even lower dosages. Lower enzyme dosages on pretreated DDGS 
was tested versus the untreated DDGS because the pretreatment would have liberated 
more sugars, resulting in less enzymes to be used.  
Ronozyme VP performed the best out of all the enzymes tested. However, this 
enzyme is not purified and is a powder feed enzyme that is meant to go on solid-state 
materials and not submerged-state materials. This was most prevalently seen as the 
powder had hydrophobic qualities, causing difficulties of completely dissolving the 
enzyme and evenly distributing it throughout the entire media. And since this was also a 
multienzyme complex, another enzyme was selected to be tested on the pretreated 
DDGS. Superzyme L and Viscozyme L were the next candidates and it was determined 
that Superzyme L did well at high dosages while Viscozyme L did well at low dosages. 
Viscozyme L also has known lignocellulose enzymes versus Superzyme L, which is a 
multienzyme complex. Furthermore, Viscozyme L had a lower cost than Superzyme L, 
making it more economically feasible.   
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Viscozyme L was continued on the pretreated DDGS with lower dosages. 
Overall, 0.5% sulfuric acid at 1mg/g of Viscozyme L was the most effective when total 
sugars and glucose was taken into consideration. 0.5% sulfuric acid with Viscozyme L at 
1 mg/g created 33.22 ± 3.32 mg/ml total sugars while untreated DDGS at 2 mg/g created 
8.65 ± 0.36 mg/ml total sugars. This is a ~280% increase with a lower enzyme dosage. 
The pretreatment that performed the worst were the dilute alkali. A reason for this is 
monosaccharides, like galactose, mannose, and glucose, are rapidly destroyed by the hot 
aqueous alkaline solution used with dilute alkali pretreatment (Kaye et al. 2004). This 
would explain why both dilute alkali pretreatments had low amounts of glucose.  
4.5 Conclusions 
Overall, pretreatment followed by enzyme saccharification improved the 
carbohydrate concentration in DDGS. Viscozyme L was determined to perform well at 
low enzyme dosages on untreated DDGS. Pretreated DDGS of 0.5% sulfuric acid with 1 
mg/g of Viscozyme L resulted in the greatest improvement with an increase of ~280% of 
total sugars versus untreated DDGS at 2 mg/g.  
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Chapter V - Comparing the wild type and mutant strains of Aureobasidium 
pullulans in improving the nutritional profile of dried distillers’ grains with solubles  
 
 
Abstract 
The most widely produced and used ethanol fermentation corn byproduct is dried 
distillers’ grains with solubles (DDGS). This is mainly used as animal feed, particularly 
to ruminant livestock (i.e. cattle). Monogastric animals (i.e. swine and poultry) and 
aquaculture have a harder time utilizing DDGS because of increased fiber, reduced fat 
content, and poor amino acid balance. This causing a reduced economic value of DDGS 
for these species. Treating lignocellulose with chemical and biological pretreatments can 
improve the digestibility. Enzyme saccharification can further improve lignocellulose by 
releasing more simple sugars. Various strains were tested from a wild type A. pullulans 
strain, and two mutant strains (GS and MMS) with enhanced cellulase producing 
capability created from the wild type strain. A combination of enzymatic saccharification 
and/or dilute acid pretreatment of DDGS was conducted with the three fungal strains to 
evaluate what strain and treatment performed the best. GS A. pullulans on the enzyme 
untreated DDGS had the highest protein level with a percent increase of 13.59%. While 
MMS A. pullulans on enzyme untreated DDGS performed well in increasing the fat 
content, with a percent increase of 27.07%, and decrease the fiber, with a percent 
decrease of 13.89%. Overall, GS A. pullulans on the enzyme untreated DDGS performed 
the best in improving the raw DDGS feedstock. The GS strain still improved the fat 
content and decreased the fiber content. Most of the minerals had higher levels than the 
MMS strain and all of the amino acids analyzed were also higher. 
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5.1 Introduction 
Distillers’ grains are a cereal byproduct from the ethanol fermentation process. In 
the United States, fuel ethanol is mainly produced from corn as it is the most available 
and lowest cost feedstock (U.S. Grains Council 2012). During the ethanol production 
process, the corn starch, which accounts for ~70% of the mass of corn, is hydrolyzed into 
simple sugars which are converted to ethanol and carbon dioxide by yeast fermentation. 
The remaining components concentration is approximately threefold in distiller’s grain 
verses corn (Spiehs et al. 2002; CRA 2006) and can be used as animal feed.  
The most widely produced and used ethanol fermentation corn byproduct is dried 
distillers’ grains with solubles (DDGS). DDGS is dried to 90% dry matter (DM) so it has 
a long shelf life and good flowability that can be sold to local livestock producers or 
shipped worldwide (Rosentrater 2011). Generally, corn co-products have a greater value 
in ruminant diets (i.e. beef and dairy cattle) than those of monogastric animals (i.e. swine 
and poultry) because the amino acid balance and corn protein is not as critical for 
ruminants. Also, ruminants can metabolize corn fiber, which serves as a good source of 
energy when DDGS is used in properly formulated diets (U.S. Grains Council 2012). 
Monogastric animals have a harder time utilizing DDGS because with its increased fiber, 
reduced fat content, and poor amino acid balance, it results in lower energy values for 
swine and poultry. This causing a reduced economic value of DDGS for these species 
(U.S. Grains Council 2012). DDGS also has potential in aquaculture to be used as an 
alternative to fish meal as protein source in fish diets (Chevanan et al. 2009). However, 
the limit of DDGS in aquaculture is its large amount of indigestible, non-nutritive bulk of 
fibers; low amounts of primary minerals like calcium, chlorine, and potassium; and 
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deficiency in amino acids which would need to be supplemented to meet the fish 
requirements (National Research Council 1983; Hertrampf and Piedad-Pascual 2000). By 
modifying and improving the nutrient content of DDGS, it could be more easily utilized 
in swine, poultry, and aquaculture production markets.  
Three methods that can help modify and improve DDGS is chemical 
pretreatment, enzymatic saccharification, and/or biological pretreatment. The purpose for 
these methods are to help break down lignocellulose found in DDGS into simple sugars, 
causing an improved digestibility of DDGS. Lignocellulose is the major structural 
component in all plants and is made of cellulose, hemicellulose, and lignin. Pretreatment 
of DDGS with dilute acid will attack the polysaccharides, particularly hemicellulose 
because it is easier to hydrolyze than cellulose (Cardona et al. 2010). With the removal of 
hemicellulose, the cellulose digestibility is enhanced (Brownell and Saddler 1984; 
Converse and Grethlein 1985; Grous et al. 1986; Knappert et al. 1981). Fermentable 
monosaccharides can also be produced by saccharifying the carbohydrates with 
commercial enzymes, including cellulase and hemicellulases. Biological pretreatment 
involves growing microorganisms on the lignocellulose material to degrade cellulose, 
hemicellulose, and/or lignin with the enzymes it produces. The most common species 
used are filamentous fungi (Vats et al. 2013). Also by using a microorganism like fungi, 
single cell proteins (SCP) can be produced on DDGS, increasing its protein content. SCP 
is considered to be an alternative to conventional sources of livestock feed (Nasseri et al. 
2011).  
The strains of fungi being tested are wild type Aureobasidium pullulans Y-2311-
1, and two mutants created from the wild type strain from Chapter 3: a genome shuffled 
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strain (GS23) and methyl methanesulfonate strain (MMS). The enzyme and pretreatment 
being used are Viscozyme L and 0.5% sulfuric acid pretreatment, found in Chapter 4 to 
release the largest concentration of carbohydrates. The purpose of this study is to find out 
the best combination of treatment and fungal strain to decrease the fiber content while 
simultaneously increasing the nutritional profile of the DDGS.   
5.2 Material and Methods 
5.2.1 Microorganisms and Culture Maintenance   
A. pullulans NRRL Y-2311-1 was provided by the USDA National Center for 
Agricultural Utilization Research (Peoria, IL, USA). The genome shuffled strain known 
as A. pullulans GS23 and MMS strain creation can be found in Chapter 3. All strains 
were cultured in carboxymethylcellulose broth (CMC broth) [w/v, 0.125% CaCl2, 
0.0625% (NH4)2SO4, 0.0625% yeast extract powder, 0.0625% asparagine, 1.25% 
carboxymethylcellulose, 0.125% KH2PO4] and maintained on carboxymethylcellulose 
agar (CMC agar) [w/v, 0.5% carboxymethylcellulose, 0.1% NaNO3, 0.1% K2HPO4, 0.1% 
KCl, 0.05% MgSO4, 0.05% yeast extract, 0.1% glucose, 1.7% agar]. Flasks to grow the 
inoculum consisted of 100 ml CMC broth medium in a 250 ml Erlenmeyer flasks, 
covered with a foam plug and aluminum foil. Cultures wee incubated for 48 hours (hr) at 
35⁰C in a rotary shaker at 150 revolutions per minute (rpm). The A. pullulans NRRL Y-
2311-1 will be known hereafter as WT A. pullulans while the genome shuffled strain will 
be GS A. pullulans. The MMS strain will be known as MMS A. pullulans.  
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5.2.2 Submerged-State Material 
Submerged fungal incubation of untreated DDGS trials were conducted in 250 ml 
Erlenmeyer flasks with 100 ml total volume at 10% solid loading rate (SLR) of dry 
weight DDGS. Each time point of collection correlated to the number of flasks. The 
medium was pH adjusted to 4.8 with 3.6N sulfuric acid. Flasks were covered with foam 
plugs and aluminum foil before being autoclaved at 121⁰C for 20 min. Trials were 
inoculated with 2 ml of a 48 hr culture of the appropriate strain and incubated at 35⁰C at 
150 rpm for 120 hr. A flask was removed at each time point (0, 6, 12, 24, 48, 72, 96, 120 
hr) and the entire content was collected to monitor protein, fat, ash, fiber, minerals, and 
amino acids as described later. At each time point the entire slurry was dried at 90⁰C for 2 
days. The dried samples were then homogenized in a Krups F20342 grinder (Millville, 
NJ, USA).  
Submerged fungal incubation of pretreated DDGS trials were conducted 
according to the method described above with a few exceptions. The pretreated DDGS 
method can be found in the next subsection. The slurries were thawed, re-homogenized, 
and diluted to 10% SLR before evenly dispensing it into flasks. The medium was pH 
adjusted to 4.8 with 10M sodium hydroxide.  
5.2.3 Pretreatment and Enzymatic Hydrolysis of DDGS 
DDGS sample was sent to the USDA laboratory in Peoria (IL) for conducting 
dilute acid pretreatment. 0.5% w/w sulfuric acid was used and was conducted using a 
stainless-steel steam jacket reactor tube in 8-10 l batch-wise increments on homogenized, 
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15% w/w (DM) slurries at 160⁰C for 20 min. After pretreatment, the slurry was frozen 
and stored until use.  
 Enzyme hydrolysis was performed on untreated and pretreated DDGS. 
Viscozyme L was loaded based on mg protein/gram of dry biomass basis. Therefore, total 
protein content in the enzyme (mg protein/ml) was determined using the BCA protein 
assay (Pierce BCA Protein Assay Kit, cat# 23225, ThermoFisher Scientific). The protein 
content of Viscozyme L was 130 ± 2.97 (mg/ml). Viscozyme L was added to each flask 
at 1 mg protein/gram dry DDGS. The liquid enzyme was filter sterilized by passing it 
through a 0.2 μm filter into a sterile centrifuge tube before adding it to the DDGS slurry. 
Once the enzyme was added to the slurries, it was put in a rotory shaker set at 50⁰C and 
200 rpm for 4 hr to activate the enzyme. After 4 hr, the flasks were taken out to be 
inoculated with the fungal strains and incubated according to the method described in the 
subsection above.    
5.2.4 Crude Protein Analysis  
Crude protein levels of the dried, ground samples were analyzed using a LECO 
model FP528 (St. Joseph, MI, USA). Samples weights of ~0.25 g were placed into foil 
packages and were then combusted in the LECO to measure the total nitrogen gas content 
in the sample. Protein percentage was then calculated from the nitrogen content of the 
sample using a conversion factor of 6.25. Samples were simultaneously assessed for dry 
weight by drying ~0.25 g of sample at 80°C for 24 hr. 
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5.2.5 Amino Acids, Mineral, Fiber, and Crude Analysis 
The amino acid, minerals, acid detergent fiber (ADF) and neutral detergent fiber 
(NDF), energy and nutrients calculations, and crude fat, ash, and fiber were analyzed and 
conducted by SGS (Brookings, SD, USA) following Association of Official Agricultural 
Chemists (AOAC) protocols.  
5.2.6 Sugar Analysis  
An HPLC was used to measure the sugars released from the enzymes. The 
samples were boiled for 10 min to inactivate the microorganism. Samples were then 
centrifuged at 4,000 rpm for 10 min before the supernatant was poured into new 
centrifuge tubes and frozen overnight. The supernatant was thawed to be re-centrifuged 
again at 4,000 rpm for 10 min to remove any precipitants. Then the supernatant was 
poured into a 2 ml microcentrifuge tube and allowed to freeze overnight. The final 
supernatant was thawed before it was filter through a 0.2 μm filter and into a HPLC vial 
and frozen until analysis. A high performance liquid chromatography system (Agilent 
Technologies, Santa Calara, CA, USA) equipped with refractive index detector (Model 
G1362A) was used to measure the sugars. The sugars were eluted using a 50 Mm sulfuric 
acid (de-ionized water) as the mobile phase at a flow rate of 0.6 ml/min and a column 
temperature of 65⁰C using an Aminex HPX-87H (300 x 7.8 mm) organic acid column 
(Bio-Rad Laboratories, Hercules, CA). The sugars quantified included glucose, 
cellobiose, galactose, xylose, mannose, and arabinose.  
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5.2.7 Statistical Analysis  
The untreated and pretreated trials with and without enzyme saccharification were 
completed in triplicates. Statistical significance and effect size evaluation were used to 
provide complementary information of practical significance. Using practical 
significance aids in the evaluation of whether the results will be applicable in industrial 
settings. The significance test indicates the likelihood that the observed effect is due to 
chance, while the effect size indicates the magnitude of the observed effects between 
variables (Maher et al. 2013).  Effect size value was determined using Hedges’ g, rather 
than Cohen’s d, which eliminates bias by putting weight on the pooled standard deviation 
based on its small sample size (n = 3) (Hedges 1981). Hedges, however, still uses Cohen 
effect sizes classification which are: small (0.2), medium (0.5), and large (≥0.8) units of 
differing standard deviations between group means (Cohen 1969). The equation to find 
Hedges’ g is as follows; M = mean, SD = standard deviation, and n = sample size: 
g =  
Mgroup1−Mgroup2
SD pooled
         
SD pooled = √
[(SDgroup1)
2
(ngroup1 − 1)] +  [(SDgroup2)
2
(ngroup2 − 1)]
(ngroup1 + ngroup2) − 2
 
Significant difference was found in the crude protein by one-way analysis of 
variance (ANOVA) by using a R statistical power analysis program and package 
‘agricolae’ (R Core Team 2013; De Mendiburu 2014). Tukey’s honestly significant 
difference (HSD) was used for post hoc tests of significant difference between means 
(Freund et al. 2010).  
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5.3 Results 
To completely analyze the enzymatic saccharification and pretreatment on DDGS, 
four trials were conducted with the three fungal strains. Untreated DDGS without 
enzymes, untreated DDGS with enzymes, pretreated DDGS without enzymes, and 
pretreated DDGS with enzymes will be known as untreated, enzyme untreated, 
pretreated, and enzyme pretreated, respectively. The fungal strain associated with the 
DDGS sample will appear in front of the sample type (WT, GS, MMS). 
All the samples were analyzed for crude proteins and sugars and can be found in 
Table 5.1-5.4. Each table is divided by the type of DDGS treatment done before it was 
inoculated by the fungal strains. It was found when all the DDGS treatments and strains 
were compared all together, the samples with the highest significant difference in crude 
proteins were GS enzyme untreated, WT enzyme untreated, GS untreated, and WT 
untreated at 120 hr. When the top two samples, GS and WT enzyme untreated, were 
compared, the effect size was g = 9.11, showing high practical significance. GS enzyme 
untreated at 120 hr performed the best because it was significantly higher than all of the 
other treatments, strains, and times in crude proteins. The pretreated samples did not 
perform as expected. The crude proteins for all the pretreated DDGS never reached 35% 
through 120 hr while all the untreated DDGS was able to reach and surpass 35% crude 
protein after 96 hr. 
Table 5.1 shows as fermentation continued for untreated DDGS, the residual 
sugars would decrease as the crude protein increased. A rough estimate of total sugars 
utilized by the strains were approximately 3.49, 3.74, and 2.89 mg/ml of WT, GS, and 
MMS, respectively. The crude protein of GS and WT untreated at 120 hr were 
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significantly higher than the rest of the time points. When GS untreated was compared to 
WT untreated at 120 hr with effect size, it showed high practical significance (g = 2.72), 
making GS untreated significantly higher than WT untreated. When these strains were 
compared to the raw DDGS (Table 5.5) at 120 hr, the crude protein percent increase was 
by 9.2%, 10.33%, and 7.77% by WT, GS, and MMS respectively. The difference 
between GS untreated and WT untreated crude protein was 1.13%.  
Table 5.2 also correlates as the residual sugars decrease, the crude protein 
increases for the untreated DDGS with enzyme. By using this enzyme, the total sugar 
content released ~78.24% more than when they initially did not have enzyme. The rough 
estimates of total sugars utilized by the strains were approximately 7.51, 10.69, and 8.34 
mg/ml of WT, GS, and MMS, respectively. GS enzyme untreated performed the best 
(discussed earlier) when analyzing the crude protein. When these strains were compared 
to the raw DDGS (Table 5.5) at 120 hr, the crude protein percent increase was 10.55%, 
13.59%, and 7.95% by WT, GS, and MMS respectively. The difference between GS 
enzyme untreated and WT enzyme untreated crude protein was 3.04%. 
 Table 5.3 and 5.4 shows that the sugars in the pretreated DDGS (without and with 
enzyme respectively) were not being utilized by the strains and the crude protein did not 
show significant increases. Table 5.3 total sugars were at approximately the same amount 
as the untreated DDGS with enzyme but stayed relatively the same throughout the whole 
fermentation time. The strain that performed the best when looking at crude proteins was 
MMS, but timepoints 6, 96, and 12 hr were significantly similar. At 120 hr, all the strains 
were compared to the raw pretreated DDGS (Table 5.5) and found the crude protein 
percent increase was 0.99%, 1.42%, and 4.86% by WT, GS, and MMS respectively.  
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 Table 5.4 shows by using this enzyme on pretreated DDGS, the total sugar 
content released ~56.98% more than when they initially did not have the enzyme. GS and 
MMS enzyme pretreated at 120 hr were significantly similar along with their 0 hr 
timepoints. At the 120 hr timepoint of all the strains and compared to the raw pretreated 
DDGS (Table 5.5), the crude protein percent increase was 4%, 7.12%, and 7.09% by WT, 
GS, and MMS respectively.  
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Table 5.1: Sugar and crude protein analysis of wild type (WT), genome shuffled (GS), and 
methyl methanesulfonate (MMS) strains on untreated DDGS for every time point (hours) during 
fermentation. The data represents triplicate replications given as the mean ± standard deviation. 
Different lower-case letters indicate a significant difference between strains and fermentation 
periods for untreated DDGS determined by Tukey’s honestly significant difference test.  
 
Glucose 
(mg/ml) 
Cellobiose 
(mg/ml) 
Galactose/ 
Xylose/ 
Mannose 
(mg/ml) 
Arabinose 
(mg/ml) 
Total 
Sugars 
(mg/ml) 
Crude Protein 
% (DM) 
WT untreated 
     0 0.64 ± 0.72 2.24 ± 0.75 0.85 ± 0.77 0.15 ± 0.14 3.88 ± 1.25 34.69 ± 0.03cd 
     6 0.22 ± 0.13 1.45 ± 0.34 1.31 ± 0.31 0.44 ± 0.16 3.43 ± 0.85 34.65 ± 0.37cd 
     12 0.2 ± 0.3 1.15 ± 0.28 0.63 ± 0.28 0.17 ± 0.06 2.15 ± 0.5 34.36 ± 0.19d 
     24 0.05 ± 0.07 1.17 ± 0.78 1.41 ± 0.51 0.57 ± 0.13 3.2 ± 0.42 34.34 ± 0.21d 
     48 0 0.16 ± 0.2 3.7 ± 0.4 0.4 ± 0.3 0.93 ± 0.05 35.07 ± 0.13bcd 
     72 0 0.4 ± 0.19 0.42 ± 0.29 0.45 ± 0.15 1.26 ± 0.32 35.15 ± 0.43bcd 
     96 0.29 ± 0.46 1.63 ± 0.24 0.33 ± 0.35 0 2.25 ± 0.57 35.52 ± 0.11abc 
     120 0.03 ± 0.05 1.54 ± 0.66 0 0.15 ± 0.26 1.71 ± 0.41 35.83 ± 0.01ab 
GS untreated 
     0 0 1.41 ± 0.53 1 ± 0.41 0.26 ± 0.05 2.68 ± 0.98 34.27 ± 0.11d 
     6 0.04 ± 0.05 1.40 ± 0.22 1.07 ± 0.12 0.33 ± 0.11 2.84 ± 0.42 35.21 ± 0.39abcd 
     12 0.08 ± 0.11 1.82 ± 0.01 1.44 ± 0.13 0.41 ± 0.17 3.75 ± 0.4 34.42 ± 0.14cd 
     24 0.12 ± 0.16 2.37 ± 0.32 1.84 ± 0.29 0.5 ± 0.19 4.84 ± 0.64 34.34 ± 0.71d 
     48 0 0.45 ± 0.24 1.71 ± 0.01 0.56 ± 0.02 2.73 ± 0.25 34.37 ± 0.16d 
     72 0 0.05 ± 0.07 0.99 ± 0.12 0.65 ± 0.07 1.69 ± 0.13 34.74 ± 0.25bcd 
     96 0 1.75 ± 0.55 0.12 ± 0.12 0.24 ± 0.21 2.12 ± 0.24 35.79 ± 0.27ab 
     120 0 1.02 ± 0.24 0.14 ± 0.21 0.37 ± 0.07 1.53 ± 0.11 36.2 ± 0.15a 
MMS untreated 
     0 0.14 ± 0.24 1.62 ± 0.58 0.91 ± 0.1 0.3 ± 0.02 2.97 ± 0.87 34.41 ± 0.18cd 
     6 0.08 ± 0.06 1.62 ± 0.25 1.22 ± 0.08 0.38 ± 0.07 3.31 ± 0.25 34.96 ± 0.4bcd 
     12 0.06 ± 0.05 1.24 ± 0.08 0.95 ± 0.11 0.27 ± 0.13 2.53 ± 0.37 34.28 ± 0.69d 
     24 0.14 ± 0.04 1.8 ± 0.07 1.45 ± 0.02 0.33 ± 0.03 3.72 ± 0.1 34.27 ± 0.14d 
     48 0.11 ± 0.01 0.25 ± 0.35 1.34 ± 0.05 1.05 ± 0.05 2.75 ± 0.26 34.56 ± 0.42cd 
     72 0 0.35 ± 0.18 0.46 ± 0.26 0.8 ± 0.52 1.61 ± 0.18 35.3 ± 0.08abcd 
     96 0 0.72 ± 0.6 0.42 ± 0.38 0.52 ± 0.4 1.65 ± 0.25 35.45 ± 0.35abc 
     120 0.22 ± 0.22 0 1.24 ± 0.51 2.05 ± 0.52 3.51 ± 1.16 35.36 ± 0.03abcd 
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Table 5.2: Sugar and crude protein analysis of wild type (WT), genome shuffled (GS), and 
methyl methanesulfonate (MMS) strains on untreated DDGS with enzyme for every time point 
(hours) during fermentation. Samples were also taken before the enzyme was added (BE). The 
data represents triplicate replications given as the mean ± standard deviation. Different lower-
case letters indicate a significant difference between strains and fermentation periods for 
untreated DDGS with enzyme determined by Tukey’s honestly significant difference test. 
 
Glucose 
(mg/ml) 
Cellobiose 
(mg/ml) 
Galactose/ 
Xylose/ 
Mannose 
(mg/ml) 
Arabinose 
(mg/ml) 
Total 
Sugars 
(mg/ml) 
Crude Protein 
% (DM) 
WT enzyme untreated 
  BE 0 3.02 ± 0.48 1.67 ± 0.08 0.45 ± 0.18 5.14 ± 0.28 - 
  0 3.64 ± 0.88 2.45 ± 0.5 2.49 ± 0.37 0.47 ± 0.11 9.05 ± 1.64 34.9 ± 0.01def 
  6 3.33 ± 0.81 1.93 ± 0.42 2.07 ± 0.63 0.49 ± 0.21 7.82 ± 1.65 34.13 ± 0.2fgh 
  12 3.55 ± 0.46 1.92 ± 0.2 2.31 ± 0.79 0.52 ± 0.1 8.3 ± 1.23 33.37 ± 0.48h 
  24 1.26 ± 1.09 1.66 ± 0.31 2.16 ± 0.65 0.14 ± 0.07 5.21 ± 1.1 33.79 ± 0.24gh 
  48 2.23 ± 0.59 0.39 ± 0.05 1.49 ± 0.09 2.15 ± 0.61 6.26 ± 0.41 34.77 ± 0.22def 
  72 0 0.53 ± 0.09 0.89 ± 0.18 0.7 ± 0.3 2.12 ± 0.37 35.29 ± 0.3cde 
  96 0 2.5 ± 0.08 0.57 ± 0.01 0 3.07 ± 0.08 35.65 ± 0.09bcd 
  120 0 3.39 ± 0.59 0.06 ± 0.11 0 3.46 ± 0.53 36.27 ± 0.08ab 
GS enzyme untreated 
  BE 0 3.05 ± 0.44 1.67 ± 0.28 0.34 ± 0.09 5.07 ± 0.25 - 
  0 3.56 ± 0.29 2.58 ± 0.12 2.31 ± 0.63 0.48 ± 0.14 8.92 ± 0.83 34.03 ± 0.29fgh 
  6 4.08 ± 0.15 2.24 ± 0.14 2.33 ± 0.66 0.56 ± 0.17 9.21 ± 0.63 34.64 ± 0.53efg 
  12 4.14 ± 0.33 2 ± 0.21 2.35 ± 0.6 0.61 ± 0.22 9.1 ± 0.63 34.67 ± 0.01defg 
  24 0 2.66 ± 0.45 2.68 ± 0.21 0.16 ± 0.01 5.5 ± 0.67 34.33 ± 0.18fg 
  48 3.4 ± 1.01 0.71 ± 0.26 2.55 ± 0.84 0.56 ± 0.12 8.92 ± 1.59 34.6 ± 0.18efg 
  72 0 0 2.15 ± 0.73 1.99 ± 0.51 4.14 ± 0.45 34.82 ± 0.55def 
  96 0 0.72 ± 0.25 0.82 ± 0.07 0.96 ± 0.12 2.5 ± 0.3 36.04 ± 0.44bc 
  120 0 1.94 ± 0.54 0 0 1.94 ± 0.54 37.27 ± 0.07a 
MMS enzyme untreated 
  BE 0 3.2 ± 0.2 1.55 ± 0.07 0.33 ± 0.14 5.08 ± 0.07 - 
  0 3.72 ± 0.24 2.78 ± 0.11 2.42 ± 0.54 0.38 ± 0.02 9.31 ± 0.82 34.56 ± 0.15efg 
  6 4.34 ± 0.28 2.55 ± 0.18 2.54 ± 0.63 0.57 ± 0.17 9.99 ± 0.79 34.21 ± 0.35gfh 
  12 4.24 ± 0.01 2.15 ± 0.1 2.71 ± 0.59 0.59 ± 0.2 9.69 ± 0.06 34.12 ± 0.32fgh 
  24 4.91 ± 0.36 1.65 ± 0.21 3.04 ± 0.13 0.71 ± 0.18 10.31 ± 0.66 34.34 ± 0.27fg 
  48 6.74 ± 0.73 0.73 ± 0.18 3.51 ± 0.08 1.14 ± 0.29 12.12 ± 1.29 34.29 ± 0.12fgh 
  72 0 0.31 ± 0.1 2.1 ± 0.2 2.17 ± 0.67 4.58 ± 0.58 34.93 ± 0.26def 
  96 0 2.2 ± 0.57 1.21 ± 0.61 1.13 ± 0.6 4.55 ± 0.86 35.5 ± 0.19bcde 
  120 0 1.1 ± 0.73 1.93 ± 1.12 1.05 ± 1.48 4.08 ± 0.37 35.42 ± 0.19bcde 
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Table 5.3: Sugar and crude protein analysis of wild type (WT), genome shuffled (GS), and 
methyl methanesulfonate (MMS) strains on pretreated DDGS for every time point (hours) during 
fermentation. Samples were also taken before the slurry was autoclaved (BA). The data 
represents triplicate replications given as the mean ± standard deviation. Different lower-case 
letters indicate a significant difference between strains and fermentation periods for pretreated 
DDGS determined by Tukey’s honestly significant difference test. 
 
Glucose 
(mg/ml) 
Cellobiose 
(mg/ml) 
Galactose/ 
Xylose/ 
Mannose 
(mg/ml) 
Arabinose 
(mg/ml) 
Total 
Sugars 
(mg/ml) 
Crude Protein 
% (DM) 
WT pretreated 
   BA 0.39 ± 0.12 2.71 ± 0.21 2.96 ± 0.62 3.25 ± 0.31 9.3 ± 1.0 - 
   0 0.51 ± 0.14 3.45 ± 0.52 3.19 ± 0.57 3.43 ± 0.39 10.58 ± 1.39 33.25 ± 0.29bcde 
   6 0.61 ± 0.08 3.28 ± 0.44 3.26 ± 0.62 3.51 ± 0.34 10.66 ± 1.25 33.24 ± 0.09bcde 
   12 0.61 ± 0.1 3.03 ± 0.86 2.65 ± 0.62 3.49 ± 0.66 9.78 ± 1.76 33.8 ± 0.19abc 
   24 0.63 ± 0.12 3.35 ± 0.42 3.12 ± 0.11 3.89 ± 0.37 10.99 ± 0.89 33.41 ± 0.21bcde 
   48 0.96 ± 0.1 3.07 ± 0.42 3.42 ± 0.39 3.77 ± 0.44 11.21 ± 1.03 32.82 ± 0.3de 
   72 1.71 ± 0.85 3.32 ± 0.5 3.65 ± 0.26 4.02 ± 0.27 12.69 ± 1.14 33.48 ± 0.34bcde 
   96 1.03 ± 0.21 2.79 ± 0.36 3.1 ± 0.29 3.69 ± 0.4 10.61 ± 0.29 33.37 ± 0.01bcde 
   120 1.19 ± 0.44 2.76 ± 0.13 3.64 ± 0.91 3.73 ± 0.4 11.31 ± 1.64 32.61 ± 0.17e 
GS pretreated 
   BA 0.36 ± 0.12 2.77 ± 0.09 3.02 ± 0.54 3.36 ± 0.19 9.51 ± 0.69 - 
   0 0.46 ± 0.05 2.8 ± 0.23 2.78 ± 0.23 3.29 ± 0.25 9.34 ± 0.76 32.98 ± 0.57cde 
   6 1.46 ± 1.81 2.9 ± 0.56 2.9 ± 0.19 3.25 ± 0.35 10.10 ± 2.57 33.33 ± 0.47bcde 
   12 0.3 ± 0.16 2.67 ± 0.5 2.98 ± 1.01 3.24 ± 0.66 9.19 ± 2.02 32.99 ± 0.11cde 
   24 0.55 ± 0.01 3.23 ± 0.33 3.52 ± 0.95 3.85 ± 0.49 11.16 ± 1.76 33.67 ± 0.21abcd 
   48 0.62 ± 0.01 3.08 ± 0.27 3.44 ± 0.93 3.8 ± 0.43 10.95 ± 1.62 32.6 ± 0.26e 
   72 0.6 ± 0.11 2.94 ± 0.2 3.33 ± 0.8 3.7 ± 0.32 10.56 ± 1.16 32.96 ± 0.23de 
   96 1.07 ± 0.08 2.56 ± 0.32 3.46 ± 0.62 3.38 ± 0.53 10.47 ± 1.55 32.95 ± 0.15de 
   120 1.31 ± 0.09 2.71 ± 0.1 3.76 ± 0.34 3.63 ± 0.28 11.41 ± 0.69 32.76 ± 0.25de 
MMS pretreated 
    BA 0.33 ± 0.1 2.59 ± 0.26 2.65 ± 0.2 3.18 ± 0.25 8.75 ± 0.62 - 
    0 0.37 ± 0.24 3.15 ± 0.24 3.44 ± 0.62 3.73 ± 0.2 10.69 ± 0.82 33.38 ± 0.13bcde 
    6 0.46 ± 0.03 2.82 ± 0.11 3.15 ± 0.5 3.45 ± 0.11 9.88 ± 0.7 34.35 ± 0.44a 
    12 0.52 ± 0.19 2.81 ± 0.59 3.1 ± 0.49 3.45 ± 0.58 9.87 ± 1.5 33.99 ± 0.15ab 
    24 0.68 ± 0.38 2.69 ± 0.39 3.47 ± 0.54 3.41 ± 0.42 10.26 ± 1.04 33.9 ± 0.01abc 
    48 1.21 ± 0.12 2.55 ± 0.4 3.36 ± 0.29 3.25 ± 0.25 10.37 ± 0.98 33.38 ± 0.3bcde 
    72 1.6 ± 0.22 2.45 ± 0.1 3.69 ± 0.19 3.53 ± 0.15 11.27 ± 0.66 33.54 ± 0.23bcd 
    96 1.59 ± 0.13 2.17 ± 0.18 3.31 ± 0.15 3.35 ± 0.23 10.42 ± 0.5 34.04 ± 0.12ab 
    120 1.62 ± 0.16 1.8 ± 0.17 3.04 ± 0.45 3.03 ± 0.21 9.49 ± 0.92 33.87 ± 0.14abc 
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Table 5.4: Sugar and crude protein analysis of wild type (WT), genome shuffled (GS), and methyl 
methanesulfonate (MMS) strains on pretreated DDGS with enzyme for every time point (hours) during 
fermentation. Samples were also taken before the slurry was autoclaved (BA) and before the enzyme was 
added (BE). The data represents triplicate replications given as the mean ± standard deviation. Different 
lower-case letters indicate a significant difference between strains and fermentation periods for pretreated 
DDGS with enzyme determined by Tukey’s honestly significant difference test. 
 
Glucose 
(mg/ml) 
Cellobiose 
(mg/ml) 
Galactose/ 
Xylose/ 
Mannose 
(mg/ml) 
Arabinose 
(mg/ml) 
Total 
Sugars 
(mg/ml) 
Crude Protein 
% (DM) 
WT enzyme pretreated 
    BA 0.5 ± 0.1 3.43 ± 0.59 3.15 ± 0.24 3.97 ± 0.32 11.05 ± 1.07 - 
    BE 0.37 ± 0.2 3.38 ± 0.32 3.47 ± 0.91 3.78 ± 0.53 11 ± 1.54 - 
    0 5.34 ± 1.24 2.69 ± 0.56 4.29 ± 1.03 2.51 ± 0.42 14.83 ± 2.13 33.04 ± 0.06cdef 
    6 6.81 ± 0.1 2.9 ± 0.49 4.67 ± 0.01 3.52 ± 0.59 17.9 ± 0.2 32.07 ± 0.49g 
    12 6.9 ± 1.54 2.43 ± 1.16 5 ± 1.19 3.15 ± 0.57 17.48 ± 2.36 32.62 ± 0.62efg 
    24 8.56 ± 1.18 3.58 ± 0.78 5.74 ± 0.92 3.78 ± 0.81 21.66 ± 3.01 32.54 ± 0.71efg 
    48 9.52 ± 1.06 3.28 ± 0.54 5.84 ± 0.3 3.91 ± 0.84 22.55 ± 1.26 32.45 ± 0.23 
    72 9.93 ± 0.66 3.09 ± 0.6 6.11 ± 0.77 3.84 ± 0.91 22.97 ± 1.79 32.52 ± 0.03fg 
    96 10.93 ± 0.71 0 5.88 ± 0.4 3.75 ± 0.75 20.56 ± 1.86 33 ± 0.27defg 
    120 10.95 ± 0.27 0 6.3 ± 0.77 3.97 ± 0.53 21.21 ± 2.06 33.58 ± 0.49bcde 
GS enzyme pretreated 
    BA 0.43 ± 0.04 2.69 ± 0.24 2.61 ± 0.22 3.12 ± 0.27 8.85 ± 0.77 - 
    BE 0.4 ± 0.18 3.21 ± 0.32 3.36 ± 0.84 3.65 ± 0.43 10.62 ± 1.41 - 
    0 6.22 ± 0.43 3.48 ± 0.06 4.54 ± 0.19 3.3 ± 0.2 17.55 ± 0.86 34.2 ± 0.11ab 
    6 6.32 ± 0.97 3.18 ± 0.13 4.9 ± 0.66 3.45 ± 0.61 17.85 ± 0.45 33.47 ± 0.23bcde 
    12 6.85 ± 0.18 3.69 ± 1.49 4.79 ± 0.71 3.3 ± 0.62 18.63 ± 2.84 33.89 ± 0.36abcd 
    24 8.68 ± 0.4 3.41 ± 0.51 5.46 ± 0.43 3.62 ± 0.45 21.16 ± 1.52 33.93 ± 0.07abcd 
    48 9.29 ± 0.45 3.55 ± 1.35 5.6 ± 0.61 3.58 ± 0.59 22.02 ± 2.94 33.76 ± 0.32abcd 
    72 10.3 ± 0.18 2.24 ± 0.47 5.69 ± 0.23 3.6 ± 0.48 21.84 ± 0.54 34.01 ± 0.3abc 
    96 11.96 ± 0.56 0 5.75 ± 0.3 3.72 ± 0.46 21.43 ± 0.75 34.25 ± 0.25ab 
    120 11.62 ± 0.7 0 5.99 ± 0.47 3.67 ± 0.67 21.28 ± 1.79 34.59 ± 0.25a 
MMS enzyme pretreated 
   BA 0.46 ± 0.11 2.89 ± 0.55 2.68 ± 0.32 3.25 ± 0.4 9.29 ± 1.35 - 
   BE 0.5 ± 0.03 3.54 ± 0.71 2.5 ± 0.86 3.63 ± 0.14 10.17 ± 0.25 - 
   0 6.13 ± 0.72 3.34 ± 0.29 4.69 ± 0.73 3.37 ± 0.62 17.54 ± 2.31 34.07 ± 0.36ab 
   6 6.65 ± 0.63 3.2 ± 0.44 4.26 ± 0.44 3.3 ± 0.54 17.41 ± 1.59 34.07 ± 0.21abc 
   12 6.4 ± 0.24 2.78 ± 0.27 4.36 ± 0.35 2.87 ± 0.18 16.41 ± 0.97 33.96 ± 0.27abc 
   24 7.28 ± 0.48 2.09 ± 0.78 5.13 ± 1.24 3.38 ± 0.99 17.88 ± 1.94 33.89 ± 0.14abcd 
   48 7.52 ± 1.48 2.41 ± 0.11 5.09 ± 0.52 3.2 ± 0.45 18.23 ± 1.46 33.54 ± 0.15bcde 
   72 8.41 ± 0.48 2.03 ± 0.22 5 ± 0.31 2.81 ± 0.16 18.25 ± 0.89 33.79 ± 0.16abcd 
   96 9.92 ± 0.02 2.17 ± 0.1 6.07 ± 0.89 3.55 ± 0.59 21.7 ± 1.6 34.19 ± 0.16ab 
   120 9.26 ± 1.27 2.18 ± 0.44 5.82 ± 0.31 3.35 ± 0.19 20.61 ± 1.27 34.58 ± 0.09a 
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Table 5.5 shows the crude analysis, fiber content (NDF and ADF), and calculated 
energy and nutrients. The samples selected were the top fungal/sacchrification treatments 
(WT and GS untreated and WT, GS, and MMS enzyme untreated) and the top pretreated 
fungal/saccharification treatments (WT, GS, and MMS enzyme pretreated) at 120 hr of 
fermentation. The raw DDGS and raw pretreated DDGS were also evaluated. The 
pretreated DDGS was effective at increasing the crude fat and crude ash content while 
decreasing the crude fiber content when comparing it to raw DDGS. The percent 
increases were 29.06% and 92.55% for crude fat and crude ash respectively, while the 
percent decrease for crude fiber was 38.11%. The neutral detergent fiber (NDF) and acid 
detergent fiber (ADF) for the raw pretreated DDGS had a percent decrease of 36.22% 
and 38.13% respectively when compared to raw DDGS. The calculated energies 
increased slightly for the raw pretreated DDGS.   
The fungal/saccharification sample that improved the best in increasing the crude 
fat content and decreasing the crude fiber content from the raw DDGS was MMS enzyme 
untreated. The crude fat percent increase was 27.07% while the crude fiber percent 
decrease was 13.89%. GS enzyme untreated performed the best in crude protein by 
having a percent increase of 13.59% when compared to the raw DDGS. However, the 
NDF and ADF increased while the calculated energy decreased for all the 
fungal/saccharification samples on untreated DDGS. The pretreated 
fungal/saccharification samples did not improve after the initial raw pretreated DDGS. 
The only improvement was achieved by the GS enzyme pretreated by increasing the 
crude fat content from 9.06% to 9.21%. 
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Table 5.6 is assessing the same samples as Table 5 by their mineral content after 
120 hr of fermentation. The macro-minerals are determined by percentage (%) while the 
trace minerals are measured as parts per million (PPM). In accordance to what was found 
in Table 5 with the raw pretreated crude ash content, all the minerals in Table 5.6 
increased substantially or minimally when compared to raw DDGS. However, all the 
fungal fermentation on untreated DDGS with and without enzyme did just as well or 
better at increasing the mineral content. The two minerals the fungal fermentation was 
not able to increase at the same level as raw pretreated DDGS was sodium and sulfur. 
The pretreated DDGS fungal incubation did not improve the mineral content after the 
initial pretreatment. In fact, all the minerals, with the exception of iron, decreased after 
fermentation.  
Table 5.7 is the amino acid profile of the samples assessed in Table 5.5 and 5.6 
after 120 hr of fermentation. When evaluating the raw DDGS and raw pretreated DDGS, 
all of the amino acids, with the exception of proline, decreased after DDGS was 
pretreated, particularly lysine. The amino acid profile did not improve at all for the raw 
pretreated DDGS.  
All the fungal incubation on untreated DDGS with and without enzyme did 
relatively well in increasing the amino acid content from the raw DDGS. All except 
histidine, lysine, and tryptophan experienced an increase. Histidine decreased slightly 
while lysine was notably lower. Tryptophan stayed relatively the same. The pretreated 
DDGS fungal fermentation experienced either the same, increased, or decreased amount 
of amino acids as compared to the raw pretreated DDGS. All but glutamic acid, leucine, 
proline, and tyrosine could not reach the amino acid amounts in raw DDGS. Even the 
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amino acids that were able to match the raw DDGS amounts (listed above), were not able 
to produce the same levels as the untreated DDGS fungal fermentation with and without 
enzyme.   
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Table 5.5: Crude analysis, fiber content (NDF and ADF), and calculated energy and nutrients from the raw DDGS (untreated and pretreated), top 
five strains from all treatments, and top strain treatment from pretreated at end of fermentation (120 hr).  
Analysis  
(DM unless 
otherwise stated) 
DDGS 
(Raw) 
Pretreated 
DDGS 
(Raw) 
WT 
Untreated 
GS 
Untreated 
WT 
Enzyme 
Untreated 
GS 
Enzyme 
Untreated 
MMS 
Enzyme 
Untreated 
WT 
Enzyme 
Pretreated 
GS 
Enzyme 
Pretreated 
MMS 
Enzyme 
Pretreated 
Crude Protein (%)  32.81 32.29 35.83 36.2 36.27 37.27 35.42 32.61 32.75 33.87 
Crude Fat (%)  7.02 9.06 6.99 8.18 8.09 8.43 8.92 8.91 9.21 9.05 
Crude Ash (%)  4.306 8.291 4.74 4.68 4.718 4.59 4.485 7.73 7.482 7.51 
Crude Fiber (%)  9.5 5.88 9.01 8.67 9.23 8.9 8.18 6.61 6.69 6.64 
Neutral Detergent 
Fiber (%)  
(as received) 
32.91 20.99 33.13 34.59 40.88 42.06 40.31 25.3 25.84 25.4 
Acid Detergent 
Fiber (%) 
11.88 7.35 27.72 30.66 28.8 36.55 36.81 23.56 26.2 27.58 
Digestible Energy 
(Mcal/lb) 
1.8 1.84 1.67 1.64 1.66 1.59 1.59 1.7 1.68 1.67 
Metabolizable 
Energy (Mcal/lb) 
(as received) 
1.4 1.46 1.27 1.26 1.29 1.2 1.21 1.3 1.29 1.27 
Net Energy Gain 
(Mcal/lb) 
0.65 0.7 0.5 0.47 0.49 0.41 0.4 0.54 0.51 0.5 
Net Energy 
Maintenance 
(Mcal/lb) 
0.98 1.03 0.82 0.79 0.81 0.73 0.73 0.86 0.84 0.82 
Total Digestible 
Nutrients (%) 
84.5 87.94 72.46 70.23 71.64 65.75 65.55 75.63 73.61 72.57 
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Table 5.6: Mineral content from the raw DDGS (untreated and pretreated), top five strains from all treatments, and top strain treatment from 
pretreated at end of fermentation (120 hr). 
Minerals  
(as received) 
DDGS 
(Raw) 
Pretreated 
DDGS 
(Raw) 
WT 
Untreated 
GS 
Untreated 
WT 
Enzyme 
Untreated 
GS 
Enzyme 
Untreated 
MMS 
Enzyme 
Untreated 
WT 
Enzyme 
Pretreated 
GS 
Enzyme 
Pretreated 
MMS 
Enzyme 
Pretreated 
Calcium (%) 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Potassium (%) 0.94 1.04 1.11 1.08 1.11 1.09 1.05 0.94 1 0.97 
Magnesium (%) 0.31 0.34 0.36 0.34 0.36 0.34 0.33 0.3 0.32 0.31 
Sodium (%) 0.13 1.61 0.19 0.16 0.23 0.21 0.23 1.52 1.59 1.55 
Phosphorous (%) 0.76 0.84 0.88 0.86 0.89 0.86 0.83 0.77 0.81 0.78 
Sulfur (%) 0.49 1.64 0.57 0.58 0.58 0.57 0.54 1.5 1.54 1.53 
Copper (PPM) 4.79 5.11 5.52 5.41 5.65 5.69 5.28 4.76 4.95 4.95 
Iron (PPM) 61.1 65.32 68.63 66.17 68.7 65.35 65.38 67.68 67.49 66.62 
Manganese (PPM) 13.05 14.25 17.29 14.48 14.83 14.06 14.09 12.93 13.35 13.22 
Zinc (PPM) 44 49.06 51.38 50.97 51.37 50.72 48.59 44.52 46.48 45.67 
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Table 5.7: Amino acid content from the raw DDGS (untreated and pretreated), top five strains from all treatments, and top strain treatment from 
pretreated at end of fermentation (120 hr). 
Amino Acids 
(%) 
DDGS 
(Raw) 
Pretreated 
DDGS 
(Raw) 
WT 
Untreated 
GS 
Untreated 
WT 
Enzyme 
Untreated 
GS 
Enzyme 
Untreated 
MMS 
Enzyme 
Untreated 
WT 
Enzyme 
Pretreated 
GS 
Enzyme 
Pretreated 
MMS 
Enzyme 
Pretreated 
Alanine 2.71 2.54 2.9 3.05 3.09 3.2 2.91 2.61 2.64 2.69 
Arginine 1.31 0.81 1.18 1.24 1.21 1.31 1.06 0.57 0.57 0.6 
Aspartic Acid 2.17 1.68 2.58 2.56 2.56 2.7 2.39 1.66 1.7 1.65 
Cystine 1.16 0.97 1.3 1.29 1.23 1.3 1.18 0.98 0.96 1.1 
Glutamic Acid 5.79 5.76 6.72 6.7 6.68 7.09 6.22 6.23 6.39 5.66 
Glycine 1.3 1.24 1.45 1.48 1.49 1.51 1.4 1.23 1.27 1.26 
Histidine 0.95 0.74 0.86 0.9 0.91 0.92 0.85 0.64 0.64 0.68 
Isoleucine 1.27 1.25 1.45 1.51 1.53 1.57 1.42 1.17 1.19 1.24 
Leucine 4.4 4.16 4.87 5.02 5.12 5.26 4.86 4.31 4.38 4.41 
Lysine 0.9 0.25 0.78 0.76 0.67 0.66 0.43 0.17 0.18 0.18 
Methionine 0.62 0.57 0.63 0.65 0.66 0.67 0.63 0.59 0.62 0.56 
Phenylalanine 1.61 1.59 1.75 1.8 1.85 1.91 1.75 1.59 1.64 1.64 
Proline 2.63 2.85 3.1 3.07 3.01 3.17 3.02 3.02 2.99 3.06 
Serine 1.63 1.47 1.87 1.91 1.88 1.99 1.8 1.55 1.59 1.58 
Threonine 1.61 1.45 1.67 1.76 1.76 1.73 1.81 1.35 1.34 1.77 
Tryptophan 0.24 0.16 0.24 0.24 0.22 0.23 0.23 0.15 0.15 0.15 
Tyrosine 1.12 1.11 1.34 1.48 1.34 1.51 1.38 1.2 1.27 1.15 
Valine 1.73 1.65 1.86 1.9 1.92 2.02 1.83 1.56 1.6 1.64 
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5.4 Discussion 
This experiment was conducted to compare the different treatments of DDGS to 
increase its nutritional value so it has more of an economic impact on monogastric and 
aquacultures diets. Various strains were tested from a wild type A. pullulans strain, and 
two mutant strains with enhanced cellulase production created from the wild type strain. 
A combination of enzymatic saccharification and/or dilute acid pretreatment of DDGS 
was conducted with the three fungal strains to evaluate what strain and treatment 
performed the best.  
GS enzyme untreated achieved the highest protein levels out of all the other strains 
and treatments. By having a saccharification step with the genome shuffled strain, it 
utilized more sugars and converted them into higher protein levels in the DDGS 
feedstock. This genome shuffled strain without enzyme saccharification was also able to 
achieve the same amount of protein as the wild type strain with enzyme saccharification. 
The MMS enzyme untreated achieved the highest increase in crude fat and lowest crude 
fiber on untreated DDGS. The dilute acid pretreatment of DDGS did not perform well 
with protein levels. Throughout time, the protein levels did not increase significantly with 
any of the strains in the dilute acid pretreatment. By using a dilute acid pretreatment, it 
removes hemicellulose to enhance enzyme accessibility to digest cellulose (Brownell and 
Saddler 1984; Converse and Grethlein 1985; Grous et al. 1986; Knappert et al. 1981). 
However, if the treatment conditions are too intense, xylose released from hemicellulose 
can continue to break down to create furfural (Mosier et al. 2005b). This compound is 
known to inhibit yeast and bacteria in the ethanol fermentation process (Bobleter 1994; 
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Couallier et al. 2006; Kohlmann et al. 1995; Mok and Antal Jr 1992; Mosier et al. 2005b; 
Sanchez and Bautista 1988; Weil et al. 1998; Weil et al. 1997; Zeng et al. 2007b). This 
correlate with the residual sugars in the pretreated DDGS. When there was no enzyme 
saccharification, the total sugars stayed relatively constant along with the protein levels. 
The same was seen when pretreated DDGS did have enzyme saccharification and the 
residual sugars increased through the fermentation period as the protein levels were 
stagnant. This was also found when the samples underwent purity check. The gram stains 
of the pretreated DDGS showed very low amounts of cells throughout fermentation and 
the strains stopped growing after 12 hr on potato dextrose agar. Also, the pretreated dry 
sample weights stayed constant through the 120 hr fermentation period. With untreated 
DDGS, the dry sample weights fluctuated as the cells grew and utilized the DDGS slurry 
(data not shown). The dilute acid pretreatment released high levels of sugars but with the 
creation of inhibitors, fungal fermentation could not be used to further improve the 
DDGS protein levels. 
Even though the pretreated DDGS had poor protein levels, the raw pretreated 
DDGS significantly increased the crude fat and crude ash content while decreasing the 
crude fiber content compared to the raw DDGS. The raw pretreated DDGS decreased the 
amount of NDF and ADF also. NDF measures how much of the content has 
hemicellulose, cellulose, lignin, and ash. ADF measures how much of the content has 
cellulose, lignin, and ash. The use of detergents to separate digestible and indigestible 
plant tissue parts were originally proposed by Van Soest (1963). By using the detergent 
fiber analysis, the plant cell substances can be divided into less digestible cell walls (i.e. 
hemicellulose, cellulose, and lignin) and highly digestible cell contents (i.e. starch and 
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sugars). The crude fiber, on the other hand, is the fibrous food residue left over after it 
has been dissolved with harsh chemicals solvents like sulfuric acid and sodium hydroxide 
to simulate food digestion in the gastrointestinal (GI) track. This treatment removes 
compounds like protein, sugar, starch, lipids, and parts of the structural carbohydrates 
that are part of the plant cells organic construct. What remains behind are structural 
carbohydrates like hemicellulose and cellulose that resist digestion in monogastric GI 
track (Ankom 2017). In Table 5.5, whenever untreated and pretreated DDGS were 
fermented with the fungal strains, the NDF and ADF would increase but the crude fiber 
would show a decrease versus the raw DDGS’s. This increase in NDF and ADF increase 
during fungal incubation could be attributed to the ‘concentration effect,’ as 
carbohydrates are metabolized. For this reason, the crude fiber was used to assess how 
well the DDGS feedstock treatment did in decreasing fiber. Crude fiber is acceptable for 
feed analysis in monogastric animals (Saha et al. 2010). Also, the total digestible 
nutrients calculated are often based on the single fiber fractions (SGS AgriFood 
Laboratories 2017). But because of the inhibitors dilute acid pretreatments creates, the 
fungal strains were not able to further improve in these aspects. 
The GS and MMS strains on untreated DDGS with enzyme increased the crude fat 
content with a percent increase of 20.09% and 27.07% respectively. The increase of fat 
can be attributed to the fungi’s ability to create fatty acids, the components of many 
lipids. This increase in crude fat in raw plant material has been shown with multiple 
agricultural wastes and fungi, including A. pullulans (Han and Anderson 1975; Zhang et 
al. 2013). Increasing the fat content in monogastric feed will help supply essential fatty 
acids and serve as fat-soluble vitamin transporters (Craig and Helfrich 2002). 
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When the minerals were analyzed, the raw pretreated DDGS initially had more 
minerals than the raw DDGS, but the fungal fermentation on untreated DDGS with and 
without enzyme did just as well or better at increasing the mineral content. The same 
cannot be said with the amino acid profile. All the amino acids, except proline, decreased 
after DDGS was pretreated. One amino acid that was affected the most was lysine. 
Lysine is a limited amino acid that helps in optimizing the growth of animals (Miller 
2004). It can be negatively affected by high temperatures due to browning or the Maillard 
reaction (Shurson and Alhamdi 2008) as seen in the raw pretreated DDGS. Lysine also 
decreased after fermentation of the untreated DDGS and could have been the results of 
being autoclaved or the drying methods, or both.  
The essential amino acids needed in a fish diet include methionine, arginine, 
threonine, tryptophan, histidine, isoleucine, lysine, leucine, valine and phenylalanine. 
Usually the first limited amino acids in fish diets are lysine and methionine (Craig and 
Helfrich 2002). Unfortunately, lysine and methionine were not improved by this process 
but the rest of the amino acids were increased, with the exceptions of arginine, histidine, 
and tryptophan. Poultry essential amino acids are the same as fish except histidine. 
Tyrosine and cysteine are known as conditionally essential because they can synthesize 
from phenylalanine and methionine respectively. So having tyrosine and cysteine are 
important if phenylalanine or methionine levels are inadequate (Klasing 2016). With 
higher cysteine levels, it will help the unimproved levels of methionine in the untreated 
DDGS. Swine diets also need the same essential amino acids as fish except arginine. The 
first limited amino acids in swine diets are lysine and threonine (Ajinomoto 2013). The 
fermentation process improved the threonine levels in untreated DDGS.  
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5.5 Conclusions  
GS A. pullulans on the enzyme untreated DDGS had the highest protein level with 
a percent increase of 13.59%. While MMS A. pullulans on enzyme untreated DDGS 
performed well in increasing the fat content, with a percent increase of 27.07%, and 
decreasing the fiber, with a percent decrease of 13.89%. Overall, GS A. pullulans on the 
enzyme untreated DDGS performed the best in improving the raw DDGS feedstock. The 
GS strain still improved the fat content and decreased the fiber content. Most of the 
minerals had higher levels than the MMS strain and all the amino acids analyzed were 
also higher than the MMS strain, except for tryptophan which was the same. Lysine 
levels were also higher in the GS strain than the MMS strain with 0.66% and 0.43% 
respectively. The dilute acid pretreatment released high levels of sugars and decrease the 
fiber content but with the creation of inhibitors, fungal fermentation could not be used to 
further improve the DDGS protein levels. 
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Chapter VI – Summary and Conclusions 
The most widely produced and used ethanol fermentation corn byproduct is dried 
distillers’ grains with solubles (DDGS). In 2016, 25.4 million metric tons of DDGS were 
produced from ethanol plants (RFA 2017). DDGS is mainly sold as feed to livestock but 
has limitations for monogastric animals because of the presence of high fiber content, 
reduced fat content, and poor amino acid balance. This causes a reduced economic value 
of DDGS for these species due to its low inclusion rates (U.S. Grains Council 2012). 
Cellulose is the most abundant renewable carbon source found in nature and is of great 
interest to various industries, including the food industry. Generally, microorganisms can 
be used to convert cellulosic materials into higher protein content, which can 
subsequently be used for animal feed (Jarvis 2003; Deshpande et al. 1992). However, 
without the aid of cellulase, the cellulose structure is resistant to degradation.  
Genome shuffling was used to improve cellulase production from Aureobasidium 
pullulans Y-2311-1 (Chapter III). The genome shuffling process combines breeding 
procedures with rapid screening to quickly improve microbial phenotypes by 
simultaneously changing genes positions throughout the entire genome without the need 
to know the genome sequence (Patnaik et al. 2002; Zhang et al. 2002; Petri and Schmidt-
Dannert 2004).  Also, the creation of these shuffled strains are not considered genetically 
modified organisms, so they can be utilized in the food industry (Ahmed 2003). One 
strain developed via genome shuffling (A. pullulans GS23) displayed the largest increase 
in total cellulase activity, which was a 6-fold increase compared to the wild type strain. 
One of the strains created for the starting mutant population by methyl methanesulfonate 
(MMS) had a 3-fold increase compared to the wild type strain.  A. pullulans GS23 also 
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had an increase in exoglucanase and β-glucosidase activity compared to the wild type 
strain (6.95-fold and 1.52-fold increase, respectively). The crude protein amount of A. 
pullulans GS23 had a 1.04-fold increase compared to the wild type strain after 5 days of 
fermentation.  
 Various commercial enzymes were also tested on DDGS to help break down the 
fibers along with various physical/chemical pretreatments to improve the overall fiber 
digestibility (Chapter VI). But the high cost associated with the use of commercial 
enzymes is a challenge with the industrial application of enzymes in feed application 
(Fang et al. 2009). This experiment was a two-step process where commercial enzymes 
were tested on untreated DDGS to down select the enzyme that performed well at low 
dosages. Then the DDGS was treated by various physical and/or chemical pretreatments 
and tested with the best enzyme with even lower dosages. Lower enzyme dosages on 
pretreated DDGS was tested versus the untreated DDGS because the pretreatment would 
have liberated more sugars, resulting in less enzymes to be used. It was found the 
commercial enzyme that performed well at low enzyme dosages was Viscozyme L. 
When this was incorporated with the best pretreated DDGS, dilute acid, with 1 mg/g of 
Viscozyme L, it had an increase of ~280% in total sugars as compared to untreated 
DDGS with a Viscozyme L dosage of 2 mg/g. 
 Based on this work, the commercial enzyme and pretreatment were down-selected 
to evaluate the fungal strains, wild type and cellulase enhanced, to evaluate what 
combination enhanced the breakdown of the fiber fraction (Chapter V). Enzymatic 
saccharification of Viscozyme L and/or dilute acid pretreatment of DDGS was conducted 
with the three fungal strains to evaluate what strain and treatment performed the best. GS 
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A. pullulans on the enzyme untreated DDGS had the highest protein level with a percent 
increase of 13.59%. While MMS A. pullulans on enzyme untreated DDGS performed 
well in increasing the fat content, with a percent increase of 27.07%, and decreasing the 
fiber, with a percent decrease of 13.89%. Overall, GS A. pullulans on the enzyme 
untreated DDGS performed the best in improving the raw DDGS feedstock. The GS 
strain still improved the fat content and decreased the fiber content. Most of the minerals 
had higher levels than the MMS strain and all of the amino acids analyzed were also 
higher than the MMS strain, except for tryptophan which was the same. Lysine levels 
were also higher in the GS strain than the MMS strain with 0.66% and 0.43% 
respectively. The dilute acid pretreatment released high levels of sugars and decreased 
the fiber content but with the creation of inhibitors, fungal fermentation could not be used 
to further improve the DDGS protein levels. 
Future trials should be conducted in bioreactors under more controlled conditions 
of aeration and agitation to better achieve mass transfer. Research into effectively 
decreasing the microbial inhibitors in dilute acid pretreatment should also be evaluated. 
Experiments by combining the GS and MMS strain to see if it effectively increases 
protein and decreases fiber either by dual fermentation or combining the two strains by 
genome shuffling. Once the fiber is sufficiently converted into simple sugars, nitrogen 
supplementation during fungal incubation should be studied to determine if protein levels 
can be increased further. Enhanced DDGS should then be used in fish feeding trials to 
determine palatability, digestibility, and growth performance.  
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